
ABSTRACT 

SARAH CHILUNGO. Bioaccessibility of Beta Carotene in Processed Products from Orange-

Fleshed Sweetpotatoes (Under the direction of Dr. Van Den Truong and Dr. Jonathan C. Allen, 

co-chairs). 

 

Orange-Fleshed sweetpotatoes (OFSP) contain significant quantities of β-carotene, a 

precursor for vitamin A. The crop is being promoted to tackle vitamin A deficiency, a serious 

public health problem affecting children and pregnant/lactating women in sub-Saharan Africa. 

Significant studies have reported the efficacy of OFSP in improving serum retinol. The aim of the 

thesis was to evaluate the bioaccessibility of β-carotene in processed products from OFSP as affected 

by processing method and oil type. Bioaccessibility is the fraction or quantity of nutrients in food that 

is released from the matrix during digestion in the gastrointestinal tract and becomes available for 

absorption. Static in vitro digestion methods were used to determine carotene bioaccessibility. 

Bioconversion of β-carotene into VA and carotene retention stored in different packaging material 

were also investigated. 

This first study evaluated the effect of storage and packaging materials on carotene 

content, color and water activity of OFSP flours. Flours from Vita and Kabode OFSP genotypes 

were packed in aluminum foil laminate (AFL), high density polyethylene (HDPE) and Kraft 

paper and stored under light and dark conditions for 4 months. The highest carotenoid loss after 

4 months was found in Kraft paper while AFL was the least. Similarly, flours in Kraft paper 

registered significant color value changes compared to flours in HDPE and AFL. Significant 

increase in water activity was observed in all packed samples and results were not dependent of 

storage environment. It is concluded that AFL with vacuum sealing is an appropriate packaging 

material due to better carotene retention, minimal color change and less water activity. 

Porridge and chapati were prepared with either puree or flour from the two sweetpotato 

genotypes. Digestive stability and bioaccessibility of the products were evaluated following in vitro 



methods. Beta-carotene digestive stability of porridge was significantly lower than chapatis. In the 

same line, β-carotene bioaccessibility was significantly lower for porridge than chapatis. It was also 

found that puree-based products registered low β-carotene bioaccessibility compared to flour-based 

products. For all the products, the study found no effect of sweetpotato genotype of β-carotene 

bioaccessibility while similar products had comparable carotene bioaccessibility. The findings 

confirm the effect of processing methods on carotene bioaccessibilty. 

Sunflower oil, margarine and beef fat were evaluated on their effect on β-carotene 

bioaccessibility. The amount of oil added was 10% (w/w) of chapati formulation. The results 

showed that digestive stability was non-significant among the products implying that oil type has 

no effect on digestive stability. Among the three oil types, sunflower oil had the highest carotene 

bioaccessibility followed by margarine while beef fat was the least. The low melting point of 

sunflower oil was the possible reason for high carotene bioaccessibility. Therefore, consumers 

should consider replacing margarine with sunflower oil due to low price and availability. 

The study further investigated the in vitro bioconversion efficiency of β-carotene into VA 

to determine VA value of OFSP supplemented porridge and chapati. When β-carotene extract 

was incubated with chicken intestinal mucosa post mitochondrial fractions, retinal (RAL) and 

retinoic acid (RA) were formed. No RAL and RA were formed when pure all-trans β-carotene 

standard was incubated without chicken intestinal mucosa post mitochondrial fraction. On 

average, the conversion ratio of β-carotene to RAL was 5:1. The results are of significance to 

people in developing countries who depend on plant food to meet their VA requirements. Further 

investigation of the study is suggested to validate the findings. 
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Vitamin A is an essential micronutrient required for normal body growth and human 

health. Vitamin A deficiency, a condition emanating from inadequate intake of vitamin A in 

foods is a major public health problem worldwide. The problem is most prevalent in under-five 

children and pregnant/lactating mothers (FAO/WHO, 2002). Cases of vitamin A deficiency are 

very high in sub-Saharan Africa where about 33 million pre-school children are affected 

accounting to one third of global cases (West, 2002). Consequences of severe vitamin A 

deficiency include stunted growth, weak immunity, xeropthalmia and death (Sommer & West, 

1996). Traditionally vitamin A supplementation is the main strategy to combat vitamin A 

deficiency whereby under-five children are given vitamin A capsules every six months. Food 

fortification is another approach involving addition of vitamin A in food products such as sugar, 

cereal, and oil to increase vitamin A intake among vulnerable groups. Recently, biofortification 

has been identified as a better sustainable strategy to provide various vitamins and minerals to 

the population through-out the year at low cost (Kósambo et al., 1998). The method works by 

enriching promising crop varieties with various vitamins and micronutrients to enhance their 

nutrient profile. 

Orange-fleshed sweetpotato (OFSP) is one crop that has been biofortified with β-

carotene, a precursor for VA. In Kenya, varieties with varying and significant amounts of 

provitamin A have been developed and released in the recent past (Ndolo et al., 2007). As a 

staple food in the larger sub-Saharan region, OFSP has an advantage over most fruits and 

vegetables in supplying the much needed provitamin A, thus helping to fight vitamin A 

deficiency. Compelling evidence is available of the potential contribution of OFSP to improve 

nutrition among the vulnerable groups. A South African based study proved that OFSP is 

effective in improving vitamin A status among school going children (Jaarsrveld et al., 2005). In 
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a separate study conducted in the rural setting of Mozambique, significant improvements in 

vitamin A intake and serum retinol concentration were obtained as a result of OFSP consumption 

(Low et al., 2007). The research-based evidence strengthens the importance of OFSP as a source 

of provitamin A and suggests the need to intensify research and advocacy to include the crop in 

diets of the vulnerable groups. 

In Africa there are efforts through Vitamin A Partnership for Africa (VITAA) Initiative 

and also through a Gates Foundation Project led by the HarvestPlus Challenge Program 

(Reaching End Users) and Centre for International Potato (CIP) to promote the use of OFSP 

varieties. CIP, a part of a Consultative Group on International Agricultural Research in 

collaboration with various research institutes, plays a pivotal role in breeding and multiplying 

OFSP varieties. It also promotes processing of OFSP by working directly with the community as 

well processors to ensure increased consumption of OFSP based products and consequently 

eradicate vitamin A deficiency. 

There is a dearth of scientific knowledge on the effect of processing on carotene 

bioaccessibility. The overall goal of the study was to understand the effect of OFSP traditional 

processing methods on β-carotene bioaccessibility and bioconversion into vitamin A. The study 

was necessitated by findings during preliminary visit to Malawi and Kenya, whereby it was 

observed that traditional OFSP products form an integral part of the food system and source of 

income among rural communities. The work reported in this thesis provides some insights on 

processing methods with optimal carotene delivery and also the conversion rate of β-carotene 

into vitamin A after digestion. The information should help plant breeders to develop OFSP 

genotypes rich in carotene content. The information is also important to food processors as it will 
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guide them to processing methods with high carotene retention and delivery after digestion. In 

general, the information will help to tackle vitamin A deficiency in Africa. 

 

1.1. Hypothesis and research objectives 

The main hypothesis of the research work was that various OFSP genotypes could be 

processed into products with high carotenoid content and in vitro bioaccessibility. The specific 

objectives of the study were: 

1. To study the effect of storage on sweetpotato flour color and carotenoid content as 

affected by packaging material 

2. To identify and quantify carotene in traditional OFSP products as affected by sweetpotato 

genotype and processing 

3. A. To assess the effect of sweetpotato genotype and processing technologies on the 

bioaccessibility of carotene through an in vitro digestibility method 

B. To determine bioconversion efficiency of beta-carotene into Vitamin A in OFSP 

products through in vitro methods 

4. To study the effect of oil type used in cooked sweetpotato products on carotene retention 

and in vitro bioaccessibility of OFSP products. 
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CHAPTER 2. 

LITERATURE REVIEW 
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2.1. Vitamin A Deficiency in Africa 

Vitamin A (retinol) is an essential nutrient required in small amounts for normal 

functioning of the visual system, growth and development, and maintenance of epithelial cellular 

integrity, immune function, and reproduction by humans (WHO/FAO, 2004). In the diet, vitamin 

A is found in two forms, namely preformed and provitamin A. In animal foods, preformed 

vitamin A occurs as retinyl esters of fatty acids in association with membrane-bound cellular 

lipid and fat-containing storage cells. Provitamin A carotenoids in plant foods are also associated 

with cellular lipids but are embedded in complex cellular structures such as the cellulose-

containing matrix of chloroplasts or the pigment-containing portion of chromoplasts 

(WHO/FAO, 2004). Green leafy vegetables (spinach and amaranth), yellow vegetables 

(pumpkins, squash and carrots) and yellow and orange non-citrus fruits (mangoes, papayas, and 

apricots) are good sources of provitamin A (Rodriguez Amaya, 1996). Preformed vitamin A is 

more bioavailable than provitamin A. This becomes a problem among low income people 

especially in developing countries who depend on plant foods as source of vitamin A, making 

them more susceptible to vitamin A deficiency. 

Vitamin A deficiency is a condition that results from insufficient intake of vitamin A in 

the diet causing low concentration of the nutrient in body tissue leading to adverse health 

consequences even if there is no evidence of clinical xerophthalmia (WHO, 1996). The main 

specific sign and symptom of vitamin A deficiency is xerophthalmia and risk of irreversible 

blindness. Other nonspecific symptoms include; increased morbidity and mortality, poor 

reproductive health, increased risk of anemia, and contributions to stunted growth and 

development. The populations at risk are children, pregnant/lactating mothers and immune 

compromised individuals such as HIV positive people (Sommer 1998). Global vitamin A 
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deficiency prevalence is categorized according to seriousness on the basis of clinical and 

subclinical indicators of deficiency as shown in Table 1-1. 

Daily vitamin A requirements for different groups were evaluated and intake levels were 

developed by FAO/WHO in order to tackle vitamin A deficiency (Table 2-2). The mean 

requirement for an individual is defined as the minimum daily intake of vitamin A, expressed as 

mg retinol equivalents (mg RE), to prevent xerophthalmia in the absence of clinical or 

subclinical infection. The safe level of intake for an individual is defined as the average 

continuing intake of vitamin A required to permit adequate growth and other vitamin A-

dependent functions and to maintain an acceptable total body reserve of the vitamin (WHO/FAO, 

2004). The values were set with consideration for bioavailability of preformed vitamin A and 

provitamin A diets with adequate fat. 

 

2.2. Importance of sweetpotato  

Sweetpotato (Ipomea batata (L.) Lam.) is a dicotyledonous plant belonging to the 

Convolvulacae family. In Sub-Saharan African, sweetpotato is an important food crop. 

Sweetpotato plays an important role as a food security crop, providing most of the dietary 

carbohydrate in sub-Saharan Africa particularly during drought due to its ability to tolerate 

drought (Hagenimana & Owori, 1996). The high yielding characteristic of sweetpotato is an 

important attribute both as a food security crop and source of income among low income 

communities (Woolfe, 1992). The short growing period (3 - 4 months) compared to most crops 

strengthens the importance of sweetpotato as source of food (Woolfe, 1992). Sweetpotato can 

produce significant yield in infertile soils, something which is not possible with crops such as 

maize. High nutrient level like energy, fiber, minerals and vitamins have tremendously increased 
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the popularity of sweetpotato. Depending on flesh color, the types of sweetpotato include white, 

cream, yellow, purple and orange fleshed. Orange-fleshed sweetpotatoes (OFSP) are particularly 

important because of high β-carotene content, a provitamin A nutrient, hence a better and 

sustainable alternative to other flesh colors for vitamin A deficiency mitigation. Despite all these 

advantages of sweetpotato, the potential of the crop is not well exploited. In most societies 

sweetpotato is considered as a poor man’s crop. Sweetpotato only becomes important as a relief 

crop when drought strikes after other crops like maize and rice have failed. 

 

2.3. Sweetpotato production trends and consumption in Africa 

Over the years there has been a tremendous increase in hectarage and production of 

sweetpotato in Africa. The volume of sweetpotato production almost tripled from 6 million tons 

in 1993 to 18 million tons in 2013 (Figure 2-1) (FOASTAT). Although consumption of white-

fleshed sweetpotato still dominates, introduction and adoption of OFSP has increased the area 

that grows sweetpotato as well as total crop production. Awareness campaigns and nutrition 

education by research institutes and partners have increased demand for new varieties, planting 

materials and knowledge to diversify utilization. Since OFSP is mainly used for domestic 

consumption, increased production has led to increased consumption by both urban and rural 

consumers in a number of countries. Significant increase in OFSP consumption has been 

reported in some African countries. In Nigeria, the sweetpotato consumption increased from 4 to 

39 grams per person per day between 1992 and 2011, while in Mali it increased from 4 to 51 

grams per person per day in the same period (source FAOSTAT and CIP). In a South African 

study, the OFSP was well received and even popular among children, who particularly liked its 

taste. About two thirds of the study group stated they would eat more than the serving provided 
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at school (Jaarsveld et al., 2005). The increased OFSP consumption offers hope to eradicate 

vitamin A deficiency in Africa. 

 

2.4. Uses of sweetpotato 

In sub-Saharan Africa, traditional methods of sweetpotato utilization include boiling, 

roasting and drying (Hall et al., 1998). Boiled sweetpotatoes are taken as part of breakfast, snack 

or as main meal during lunch or dinner (Woolfe, 1992). Recently, dried sweetpotato chips and 

flour have become important traditional products as a source of income for local producers. 

Dried chips are milled into flour and used to make porridge, doughnuts, and flat bread (chapati) 

among others (Nungo et al., 2000; Woolfe, 1992). The advent of OFSP has increased the 

importance of sweetpotato both at household and commercial level. Food companies have taken 

keen interest to use OFSP as raw material in various products to increase vitamin A intake and 

help fight vitamin A deficiency. For instance, in Malawi. Universal industries is producing crisps 

made from OFSP. In Kenya, OFSP bread and flour are available on the market while companies 

in Rwanda produce biscuit and juice (Figure 2-2). As observed during a preliminary research 

visit to Malawi and Kenya, the OFSP industry is still in the infant stage, hence the need for 

scientific research on OFSP processing to support the industry. 

 

2.5. PROCESSING TECHNOLOGIES, CAROTENE BIOACCESSIBILITY AND 

METABOLISM 

 

2.5.1. Carotenoids structure and properties 

Carotenoids are C40 tetraterpenoids built from eight C5 isoprenoid units in an extensive 

conjugated double bond system, which serves as the light-absorbing chromophore responsible 
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for the yellow, orange, or red color in fruits and vegetables (De Moura, 2015). They are found in 

fruits and vegetables as carotenes (unsaturated hydrocarbons) and xanthophylls (oxygenated 

derivatives). Over 700 carotenoids have been identified in nature, the most prevalent carotenoid 

being β-carotene, α-carotene, lutein, lycopene, β-cryptoxanthin and zeaxanthin (Maiani et al., 

2009). Presence of at least one β-ionine ring residue is required for a carotenoid to effectively 

function as provitamin A. β-carotene, α-carotene and β-cryptoxanthin are the three most 

commonly found provitamin A carotenoids in food consumed by humans (Figure 2-3). Only β-

carotene has two β-ionone rings in its structure and is the most widespread of all carotenoids in 

food. Structurally, β-carotene can generate two molecules of vitamin A (retinol) when centrally 

cleaved or hydrolyzed, whereas α-carotene and β-cryptoxanthin can generate only one molecule 

(De Moura, 2015; Maiani et al., 2009). This makes β-carotene the most important carotene hence 

an important component of diet. 

The absence of polar groups in their structure make carotenes practically insoluble in 

water. Consequently, the carotenes often form stable crystals due to their elongated, symmetric 

chain structure (Craft et al., 1992; Britton 1995). To a certain extent, the crystalline form 

significantly increases the stability of carotenes. However, carotenes are more susceptible to 

degradation and isomerization, especially in the presence of oxygen or heat (Delgado-Vargas et 

al., 2000). During isomerization, the all-trans β-carotene changes to cis-β carotene, mostly 9-cis, 

13-cis, and 15-cis with low provitamin A activity. Autoxidation occurs when the double bonds of 

carotenes interact with oxygen or light and it renders them ineffective as provitamin A nutrients. 

It is therefore, important to minimize autoxidation of carotenes when handling OFSP in order to 

fully benefit from the nutrient. 
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The presence of large number of double bonds in carotene structure imply that a great 

number of geometrical isomers are theoretically possible. For instance, β-carotene the most 

abundant carotene in OFSP has 272 possible isomers. However, due to steric hindrance, only a 

few of these will be encountered in nature (Olson et al., 1995). The bent structure of carotene cis 

isomers renders them weak and bulkier and consequently their function is completely different 

from their all-trans counterparts. Furthermore, the weak structure of cis-isomers makes them less 

thermodynamically stable, hence not readily integrated into cellular structure. According to 

Britton, (1995) the bulkier structure of the cis-isomers also makes them less prone to aggregate 

or form crystals, which has a further negative impact on their stability during thermal processing. 

 

2.5.2. The role of carotene in human health 

Over the years carotenoids importance has increased due to their ability to prevent 

various diseases such as in eye, on heart or various types of cancer. Among the carotenoids, both 

α and β carotene have pro-vitamin A activity hence metabolize into vitamin A in the body. This 

is the basis of their improvement of human health as they perform vitamin A functions in 

maintaining health eye. Although epidemiological studies cannot provide cause and effect 

relationship, they have provided sufficient evidence about the health benefits of carotenoids. 

Scientific evidence shows that high consumption of fruits and vegetables rich in carotenoids 

reduced risk of lung and stomach cancers (Block et al., 1992). According to Block et al. (1990) 

the mechanism through which carotenoids prevent cancer as provitamin A is controlling cell 

differentiation and proliferation. The antioxidant potential of carotenoid is also mentioned as the 

mechanism of cancer prevention. The presence of conjugated double bonds makes carotenes 

effective antioxidants. This has been confirmed in vitro; for instance, carotenes significantly 
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reduced the oxidative response of lymphocytes and low density lipoproteins (LDL) isolated from 

humans (Martin et al., 1996; Oshima et al., 1996; Porrini et al., 2005). Although there is 

sufficient evidence on the antioxidant activity of carotene in vitro, the antioxidant in vivo activity 

is not clear. On the other hand, there is some contradictory information whether carotenes can 

function as pro-oxidants in high concentration (El-Agamey et al., 2004). This remains a potential 

researchable area to get insights on antioxidant and pro-oxidation properties of carotenes and 

their potential for disease prevention. 

 

2.5.3. Defining bioaccessibility 

Bioaccessibility is defined as the fraction or quantity of nutrients in food that is released 

from food matrix during digestion in the gastrointestinal tract (GI) and becomes available for 

absorption (Heaney, 2001). The process includes digestive transformation of food into material 

ready for absorption/assimilation into intestinal epithelia. In contrast, digestibility specifically 

refers to the fraction of food that is broken down by digestive enzymes and is potentially 

available for all physical and chemical reactions in the lumen, while absorption or assimilation is 

uptake of bioaccessible material through the epithelium by some mechanism of transepithelial 

absorption (Heaney, 2001). 

In the lab set-up, bioaccessibility is usually evaluated through in vitro digestion methods 

mimicking oral, gastric and intestinal digestion. This is sometimes followed by cell culture using 

Caco-2 cells to assess nutrient uptake (Courraud et al., 2013). Caco-2 cells’ absorption is 

preceded by in vitro digestion to measure the available carotenoid released from food matrix. 

Subsequently, the digested material is filtered out and added to Caco-2 cells and incubated for 

absorption, after which filtrate from the aqueous portion is collected to estimate absorbed 
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carotenoids. Main steps in carotenoid absorption include release from the food matrix, micelle 

formation, uptake into mucosal cells, packing into chylomicrons, and transport within the 

lymphatic system. Several studies have demonstrated that carotenoid bioaccessibility is affected 

by several factors, both endogenous (product related) and exogenous (process related) (Garret et 

al., 1999; Hendren 2002). 

 

2.5.3.1 In vitro method of estimating bioaccessibility 

Due to the limitations and high cost of in vivo models to estimate bioaccessibility, in vitro 

models have been developed as a more simple, inexpensive and reproducible alternative. The 

models are applied to study nutrient digestibility, release from the food matrix, micellarization, 

and intestinal uptake, and consequently to estimate their bioaccessibility. Two in vitro methods 

namely dynamic and static have been developed. The dynamic models such as the gastro-

intestinal model (GIM) is characterized by a high degree of complexity closely modeling the GI 

system (Minekus et al., 1999). 

In the current study, the static in vitro method was followed. The in vitro method 

involves use of a number of enzymes, pH adjustments and incubation at 37°C, simulating 

stomach and intestinal digestion. The oral phase of in vitro digestibility model involves 

incubating sample with alpha amylase enzyme at salivary pH. During the gastric phase, samples 

are incubated at gastric pH in the presence of gastric enzymes such as pepsin. During the small 

intestinal phase, pH is increased followed by addition of pancreatic enzymes and bile salts. In 

some studies, the oral phase is included to break down starch as some nutrients might be trapped 

inside starch molecule (Garret et al., 1999; Bengtsson et al., 2009). The Caco-2 cell model has 

extensively been used as a measure of bioavailable carotene after simulated enzymatic digestion. 
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2.5.3.2. Caco-2 cell Model 

Caco-2 cells are derived from colon carcinoma. However, when cultured under specific 

conditions, the cells become differentiated and polarized such that their phenotype, 

morphologically and functionally, resembles the enterocytes lining the small intestines that are 

responsible for nutrient uptake (Sambuy et al., 2004). Caco-2 cells are characterized by tight 

junctions, microvilli, and a number of enzymes and transporters that are characteristic of such 

enterocyte. These characteristic structures create a physical and biochemical barrier to the 

passage of ions and small molecules (Garret et al., 1999). 

 

2.5.3.3. Carotene digestion, absorption and metabolism 

Digestion of carotene is the first critical step before absorption and metabolism. The step 

is characterized by mechanical and enzymatic disruption of food matrices to facilitate release of 

carotenes and subsequent mixing with lipid droplets to form micelles. The released carotenes are 

then incorporated into mixed micelles in the duodenum. The mixed micelles consist largely of 

bile salts, free fatty acids, monoglycerides and phospholipids (Hernell et al., 1990). Incorporation 

of carotenoids into the mixed micelles is important for their absorption. 

Like many other dietary lipids, the absorption of carotene by the enterocytes is believed 

to occur by simple diffusion. According to the simple diffusion mechanism, the micelles 

containing carotene migrate through the unstirred water layer to the brush border membrane. The 

carotene then leaves the micellar structure and diffuses through the membrane into the cytoplasm 

of enterocytes (Hollander & Ruble, 1978; Scita et al., 1992). Protein mediated transport is also 

believed to be involved in transport of carotenoids (Reboul et al., 2005; During et al., 2002). 

According to Reboul et al. (2005) and During et al. (2002), it is possible that some proteins 
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found in the diet and/or pancreatic biliary secretion bind a fraction of retinol and/or carotenoids 

and transport them to the brush border membrane. Once absorbed by the enterocyte, a sustained 

quantity of carotene is not metabolized. A fraction of carotene is cleaved into retinal by the 

enzyme 15, 15’-dioxygenase which is then converted to retinol and then retinyl esters (Hernell et 

al., 1990). The quantity of β-carotene metabolized is controlled by a feedback mechanism and 

cases of VA toxicity from β-carotene have not been reported. 

 

2.5.4. Factors affecting carotenoid bioaccessibility 

 

2.5.4.1. Carotenoid structure 

Studies have shown that bioaccessibility of different carotenoids varies widely. Among 

the different types of carotenoids, lutein is reported to be more bioaccessible while lycopene is 

the least. This is simply due to the fact that lutein is an oxycarotenoid and therefore more 

hydrophilic than hydrocarbon carotenoids (Garret et al., 1999). Although different authors have 

reported contradictory information on bioaccessibility of β-carotene and α-carotene, still β-

carotene has high vitamin A value because it has two β-ionone rings. Hence it can be converted 

into two molecules of vitamin A. OFSP have high proportion of β-carotene, thus provide a good 

source of provitamin A. 

 

2.5.4.2. Processing 

It is well-accepted that cooking or high temperature processing of carotene rich foods 

disrupts plant cell walls and organelle membranes, facilitating greater access of digestive 

enzymes to substrates and release of carotenoids for integration into mixed micelles, hence 

creating high bioaccessibility (Hendren, 2002). Sweetpotato is processed in many ways such as 
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boiling, roasting and frying prior to consumption. Such processing methods involve maceration 

and use of heat that result in microstructural changes in the food matrix. The structural changes 

may also influence digestion and nutrient absorption (Bengtsson et al., 2009; Tumuhimbise et al., 

2009). However, a high degree of processing of plant foods also induces isomerization of 

carotenoids, thus increasing the levels of cis isomers and decreasing total all-trans carotene 

accessible by enterocytes. For instance, baking is associated with isomerization and degradation 

of all-trans β-carotene in sweetpotato (Chandler, 1988). Although cis isomers of β-carotene have 

provitamin A activity, their creation is not desired because their retinol activity equivalence is 

only one-half that of all-trans β-carotene. It is still important to study the effects of various OFSP 

processing methods on bioaccessibility of β-carotene. 

 

2.5.4.3. Dietary fat and oil 

Dietary fat appears to be necessary for the efficient solubilization of lipophilic 

compounds. Fern´andez-Garc´ıa et al. (2012) suggested that a minimum amount of fat is 

necessary for digestion and absorption of carotenoids. In previous study, bioaccessibility of β-

carotene increased from 0 to 20% with addition of fat/oil to digestion (Pugliese et al., 2014; 

Ekase et al., 2012). Similarly, Failla et al. (2008) observed a double increase in bioaccessible β-

carotene as a result of addition of triglyceride to carotenoids rich salad. This was explained by 

creation of lipophilic environment that facilitates the transfer of the carotenoids from the food 

matrix to lipid droplets during the gastric phase. Moreover, the products of lipid hydrolysis 

modify the physicochemical characteristics of the micelles, a circumstance that may increase the 

uptake of carotenoids. 
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It should be noted that not all oils contribute to improved carotenoid bioaccessibility. 

Addition of orange oil to carotenoid rich food resulted in low bioaccessibility probably because 

flavored oils do not contain triglyceride components and therefore cannot be hydrolyzed into free 

fatty acids (Borel et al., 1998). Considering the diverse types of oils used in carotenoid rich food 

little is known about the type of oil with greatest potential of in vitro carotenoid bioaccessibilty. 

Thus, the current study evaluated effect of oil type on carotene bioaccessibility. 

 

2.5.5. Bioconversion of β carotene into Vitamin A 

Carotenoids are important sources of provitamin A for human health but their metabolism 

is highly misunderstood. Various studies have been implemented trying to understand 

carotenoids’ metabolism and authors came to a conclusion that carotenoids are absorbed in the 

small intestines in which some parts of the provitamin A are converted to vitamin A while the 

rest of intact carotenoids are incorporated into chylomicrons and delivered to the liver and then 

various tissues (Hernell et al., 1990, Erdman et. al, 1993, and Furr & Clark, 1997). The 

conversion of dietary β-carotene into vitamin A is catalyzed by the enzyme β, β-carotene-15, 

15’-dioxygenase (BCMO1) located in intestinal enterocytes (Goodman & Huang 1965, Oslon & 

Hayaishi, 1965). The central cleavage of β-carotene with BCMO1 from intestinal post 

mitochondrial fractions produces two molecules of retinal (RAL) which can be reversibly 

converted to retinol (ROL) and irreversibly oxidized to retinoic acid (RA). BCMO1 only cleaves 

carotenoids with a non-substituted β-ionine ring thus, making provitamin A the only substrate. 

Glover and Redfearn (1954) proposed random cleavage of β-carotene at several double bonds in 

the polyene chain in addition to the 15, 15’ double bond. The hypothesis has been supported by 

several studies that reported formation of β-apo-carotenals (β-apo CALs) from incubation of β-



19 

 

carotene with a post nuclear fraction of intestinal tissues (Sharma et. al, 1977, Wang et. al, 1991). 

The possible mechanism of β-carotene cleavage in purified post mitochondrial fraction is 

demonstrated in Figure 2-3. In a separate study, Yuem et al., (2000) observed formation of RAL 

and RA in the presence of α-tocopherol while β-apo-CALs and β-apo CAs were formed in the 

absence of α-tocopherol (Figure 3-3). The study strengthens the importance of α-tocopherol in 

the bioconversion of β-carotene to vitamin A. 

Like bioaccessibility of carotenoids, the major factors that affect carotenoid 

bioconversion into vitamin A include food matrices, food preparation and fat/lipid content of the 

meal (Furr and Clark, 1997). The vitamin A value of plant food is determined by the conversion 

efficiency of provitamin A in food into vitamin A in the body. The conversion rate of dietary β-

carotene to VA is relatively low compared to preformed vitamin A from animal origins or from 

vitamin A supplements that can be absorbed and stored in the body very effectively. Scientific 

data from human studies reported that the conversion efficiency of dietary β-carotene to vitamin 

A is in the range of 10-28:1 by weight (Haskell et.al, 2004 and Tang et.al 2005). Based on these 

data, the Food and Nutrition Board revised the estimated efficiency factor for the conversion of 

dietary β-carotene to vitamin A from 6:1 by weight (NRC, 1989) to the newer value 12:1 by 

weight (IOM, 2001). These figures could be revised again, hence should be should be viewed 

with caution. 

Methods to study conversion of β-carotene to vitamin A at physiological dose and dietary 

intake include; depletion-repletion, changes in concentration of serum vitamin A, changes in 

whole-body stores of vitamin A or Paired Deuterated Retinal Dilution (DRD) and use of stable 

isotopes. The challenge of such methods lies in the inability to distinguish between newly 

formed retinol from body reserves (Tang et al., 2005). The variability among human subjects in 
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intrinsic conversion of dietary β-carotene to vitamin A is another challenge. In the recent past, in 

vitro methods to determine bioconversion rate of β-carotene have been developed to overcome 

challenges associated with human studies. 

Although several works have reported bioconversion efficiency of provitamin A 

carotenoid carotene into vitamin A, no report has provided the bioconversion efficiency of 

carotenoids found in OFSP based products. It is widely known that OFSP is a staple crop in most 

African countries hence the need to understand the conversion efficiency of provitamin A 

carotenoids found in OFSP products like chapati and porridge. 

 

2.5.5.1. In vitro bioconversion of β-carotene into vitamin A 

In vitro conversion of β-carotene to vitamin A is facilitated by 15, 15’ dioxygenase 

enzyme (BCMO1). The enzyme has been cloned from small intestines of humans, mouse, 

chicken and zebrafish (Wyss et.al, 2000). During in vitro conversion of β-carotene to vitamin A, 

all-trans β-carotene extract is solubilized in aqueous solution containing Tween 40 and incubated 

with an enzyme preparation of known concentration (7.7 + 0.01 pH) at 37 oC for 30 min. The 

reaction is terminated with addition of formaldehyde and then acetonitrile. This is followed by 

centrifugation and supernatant subjected to HPLC analysis of retinal (During et.al, 1996, Yeum 

et.al, 2000). With this method, During et al., (1996) achieved >93% retinal recovery. 
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2.6 MECHANISM AND FACTORS OF CAROTENE DEGRADATION DURING 

PROCESSING AND STORAGE 

 

2.6.1. Isomerization and autoxidation 

Direct exposure of β-carotene rich food to sunlight initiates isomerization of all-trans 

carotenoid to the cis isomer. The twisting of the carotenoid molecule leads to unpaired spin 

which readily reacts with oxygen (Mordi, 1993; De Moura et al., 2015). The interaction between 

cis isomers with oxygen or singlet oxygen causes formation of diradicals. Oxygen attack on 

either side of the cis bond produces β-carotenyl peroxyl radicals. Further reaction of 

oxygen/singlet oxygen with peroxyl radical yields the final stable compounds, apocarotenals and 

apocarotenones (Mordi, 1993). The formation of final stable compounds marks complete loss of 

β-carotene in food, hence no provitamin A benefits upon consumption. Figure 2-4 illustrates 

possible mechanism of carotenoid degradation. 

Among the carotenoids, xanthophylls are more susceptible due to high degree of 

unsaturation. Besides autoxidation other mechanisms of carotenoid degradation include heat, and 

interaction with acid as well as metals (De Moura et al., 2015). Figure 2-5 is a summary of 

factors causing β-carotene degradation. Control of rapid carotenoid degradation remains a 

challenge because the compound is so unstable and its degradation is affected by so many 

factors. Use of yellow light during processing/handling and packaging with aluminum foil 

laminate paper are some of the ways improvised to minimize carotenoid degradation (De Moura 

et al., 2015). 
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2.6.2. Carotenoid losses during storage of dried products 

As explained above carotenoid is subject to degradation over a period of time in storage. 

Significant studies have reported carotenoid losses during storage of dried products. Among the 

published literature, a study conducted in Kenya reported 50% all-trans β-carotene loss at room 

temperature (about 25 ºC) in chips from Kakamega and Jonathan varieties whereas it remained 

steady in sweetpotato chips stored for 3 months in a freezer (-20 ºC) (Kósambo 2004). Storage of 

dried sweetpotato chips at room temperature in Uganda, resulted in about 70% of total 

carotenoid loss after four months and this was not dependent on the use of opaque or transparent 

packaging (Bechoff et al., 2010). However, there are contradictory findings on carotene loss in 

different packaging materials. Hagenimana et al. (1999) found that total carotenoid loss was 

reduced by 10% when dried slices from 24 sweetpotato genotypes were stored in opaque paper 

bags under ambient conditions for 11 months. Hagenimana et al. (1999) further observed that 

carotenoid losses during storage were higher in flour than dried chips/slices. The high carotenoid 

loss of flour was related to small particle size that might have increased surface area exposed to 

oxidation. Thus, it is more sensible to store dried chips/slices and make flour as needed. Carotene 

retention of various sweetpotato products stored in different packaging is shown in Table 2-3. 

Still, related to packaging material and β-carotene loss of stored OFSP products, kraft paper is 

the main packaging material used to store dried chips or flour in Africa. Although carotene losses 

associated with kraft paper packaging are not well documented, it is obvious that the losses are 

very high based on the color and due to lack of vacuum sealing of kraft paper. Alternative 

packaging, like HDPE and AFL are available in Africa and could be evaluated for carotene 

retention of stored OFSP flour. Stability of carotenoid in stored, dried sweetpotato products is 
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adversely affected by temperature, light, oxygen and water activity as elaborated in the sections 

below. 

 

2.6.2.1. Temperature 

The influence of storage temperature on carotenoid degradation during storage lies in the 

induction of isomerization of β-carotene, with low heat intensity causing less damage than high 

heat intensity. Freeze dried powders from orange peels, sweetpotato and carrot stored at 4, 20, 40 

and 45°C showed significant difference in carotenoid content due to effect of temperature (Tang 

& Chen, 2000; Cinar 2004). During storage of freeze dried red guava (Psidium guayava L.) at 

ambient temperature more pronounced β-carotene losses occurred during the first six months, 

becoming progressively smaller and almost irrelevant at the end of the period (Nogueir et al. 

1978). However, Woolfe (1992) reported no influence of storage temperature (at 0, 7, 14 or 

21°C) on the β-carotene content in sweetpotato products. A slight degree of isomerization of β-

carotene was noted in the pumpkin puree samples stored at 23°C, but with low concentrations of 

cis-isomers. Provesi et al. (2011) further reported that storage for 180 days did not significantly 

affect the concentrations of the carotenoids under study. Based on the reviewed literature, high 

storage temperature and extended storage at ambient temperature negatively affected carotene 

content of foods. Such losses could be minimized by storing in freezer or refrigerator as well as 

limiting the storage period in order to preserve the nutrient. 

 

2.6.2.2. Water activity 

Scant information is available on the effect of water activity on carotene loss during 

storage of dried sweetpotato. From the little information that is available Haralampu and Karel 
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(1983) showed that water activity affected degradation of carotenoid in OFSP dried products. 

Water activity significantly increased from 0.365 to 0.432 in stored, diced carrot slices during 6 

months of storage (Sra et al., 2014). The water activity of stored dried capsicum was related to 

packaging material. Aluminum foil and HDPE had a non-significant effect on water activity for 

both stored red and yellow capsicum indicating that they provided barriers against moisture 

(Swain et al., 2013). The lack of sufficient published information on water activity and carotene 

loss of stored, dried sweetpotato suggest the need for more research. 

 

2.6.2.2. Light 

Carotenoid degradation due to light is mostly due to photo-oxidation. Light increased cis-

isomerization of α-carotene, β-carotene and lutein standards compared to samples stored in the 

dark (Tang & Chen, 2000). Moderate effects of light on β-carotene isomerization compared to 

temperature have been reported. Chen and Huang (1998), observed that isomerization of β-

carotene in hexane reached the same level in 40 min at 70°C in the dark and in 12 hours at –5°C 

under 2000 lux. Contradictory information is available on the effect of light on carotene loss. 

Rodriguez and Rodriguez-Amaya (2007) did not observe significant impact of light exposure on 

β-carotene degradation in the time scale chosen (21 days). The effects of photo-oxidation in 

carotene rich foods could be minimized during processing by preventing light around the 

product, and also by dark/opaque packaging during storage. 

 

2.6.2.4. Oxygen 

The current school of thought on the mechanism of carotene oxidation with molecular 

oxygen is that the whole process involves first isomerization of the all-trans to the cis-isomer, 
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followed by the formation of a diradical, or they may both occur simultaneously and reversibly. 

Head-space oxygen in the storage bags influences β-carotene content. Samples stored for six 

weeks under 2% oxygen suffered an average loss of 4.4% of β-carotene more than samples 

stored under 0% oxygen (Collins et al, 1990). Even greater carotene losses were expected with 

an extended storage period. High oxygen concentrations were related to high levels of carotenoid 

degradation during storage in dried sweetpotato flakes (Emenhiser et.al, 1999), in pasteurized 

mango puree (Vásquez-Caicedo et al., 2007) and in semi-preserved tomato sauces (Baiano et al., 

2005). The impermeable packaging to oxygen (laminate) with oxygen absorber was effective at 

preventing carotenoid degradation through oxidation (Emenhiser et.al, 1999). The high cost and 

scarcity of laminate paper bags limits their use in sub-Saharan Africa hence kraft paper and 

LDPE with high oxygen permeability are the available options. 

 

2.6.3. Carotenoid losses during processing 

In recent past, several studies have shown that there is significant carotenoid degradation 

from sweetpotato during preparation. Jaarsveld et al. (2006) studied the true retention (TR) of β-

carotene in boiled, and mashed OFSP and found that the true retention of β-carotene varied with 

the preparation methods (Table 2-5). The β- carotene was retained better when sweetpotato roots 

were boiled unpeeled, covered with water in a pot with the lid on for 20 min. Boiling of 

sweetpotato roots caused 20% loss of total carotenoid content while drying of sweetpotato chips 

reduced the amount of total carotenoid by 30% (Hagenimana et al., 1998). At least 68% of β-

carotene per gram fresh weight was retained after boiling or boiling and briefly frying (Berni et 

al., 2014). The retention of all-trans-β-carotene in porridges ranged from 69 to 93% while in 

chapatis it ranged from 70 to 97% (Bechoff et al., 2011). Kean et al. (2008) reported carotene 
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retention of 52% (yellow maize porridge) and 75% (yellow maize bread). Authors attributed 

carotenoid loss during processing to isomerization due to high temperature. Isomerization is the 

main reaction that occurs during thermal processing at atmospheric pressure and at temperatures 

lower than 100°C. It is reported that 13-cis forms at a higher rate than 9-cis and 15-cis β-carotene 

during processing of provitamin A rich foods (Chen & Huang 1998; Henry et al., 1998). 

Formation of oxidation products from β-carotene, such as epoxides and apo-carotenals, as 

well as di-cis isomers occur under higher temperature, longer time, and higher pressure 

processing (Mercadante, 2008). Typically, longer thermal processing of provitamin A products is 

associated with high isomerization of carotenoid due to extended exposure to high temperature. 

Besides isomerization, Bechoff et al. (2018), explained physical losses such as leaching of 

carotenes in water experienced at an initial step of processing as factor responsible for carotene 

degradation in processed products. Although cis isomers have provitamin A activity, their 

formation during processing is detrimental since their retinal activity equivalent is half that of 

all-trans β-carotene. 

 

2.7. SUMMARY OF ISSUES HIGHLIGHTED BY THE LITERATURE REVIEW 

 

2.7.1. Summary and outcomes 

Biofortification of sweetpotato high in provitamin A offers a better and sustainable 

approach to tackle vitamin A deficiency in sub-Saharan Africa. Significant studies have reported 

the efficacy of the crop in improving vitamin A status among vulnerable communities. In Africa, 

OFSP is processed into a variety of products such as bread, biscuits, juice and crisps. Traditional 
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products such as porridge and chapati supplemented with porridge are commonly consumed in 

Africa hence a good source of provitamin A to tackle vitamin A deficiency. 

OFSP flour is the common primary product used in formulation of various products such 

as porridge and chapati. In Kenya OFSP is available on the market. Provitamin A compounds 

are unsaturated unstable carotenoids easily degraded by light (UV), oxygen, and heat. 

Consequently, storage of OFSP flour causes carotenoid loss due to the aforementioned factors. 

Packaging that limits oxygen and light is required for high carotene retention of stored OFSP 

flour. It is therefore important to understand the effect of packaging material and storage 

environment on carotene content of stored OFSP flours. 

Processing of sweetpotatoes may increase nutrient loss but at the same time increase 

nutrient bioaccessibility. Carotenoids bioaccessibility is defined as the fraction of carotenoids 

transferred by food to mixed micelles, therefore becoming accessible for subsequent uptake by 

intestinal mucosa. After digestion and absorption, β-carotene is cleaved into retinal by the 

enzyme 15, 15’-dioxygenase and is then converted to retinol and then retinyl esters. Carotenoid 

bioaccessibility is affected by carotenoid structure, processing, and dietary oil/fat. It is therefore 

essential to evaluate the effect of OFSP processing and oil type on carotene bioaccessibility to 

determine product and oil type with highest carotene delivery after digestion. Bioconversion rate 

of β-carotene into vitamin A in OFPS supplemented products also needs to be investigated. 
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Table 2-1. Estimates of clinical and subclinical Vitamin A deficiency in preschool children by 

WHO 

 

Source: Global prevalence of vitamin A deficiency. Geneva, World Health Organization, 1995 

(WHO/NUT/95.3) 
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Table 2-2. Estimated mean requirement and safe intake level of vitamin A by group 

 

Source: Requirements of vitamin A, iron, folate and vitamin B12. Report of a Joint FAO/WHO 

Expert Consultation. Rome, Food and Agriculture Organization of the United Nations, 1988 

(FAO Food and Nutrition Series, No. 23) 
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Table 2-3. Effect of OFSP processing on All-trans β-carotene bioaccessibility 

Product Process All-trans β-carotene 

bioaccessibilty 

Reference 

Chapati Pan roasted with oil 73% Bechoff et al. (2011) 

Mandazi Deep fried 49% Bechoff et al. (2011) 

Porridge Boiled 16% Bechoff et al. (2011) 

Boiled roots Homogenization, 

with oil addition 

(HOM) 

50% Bengtsson et al. 

(2010) 

Boiled roots Pureeing with oil 

addition (BOL) 

16% Bengtsson et al. 

(2010) 

Porridge Oil addition to flour 

then cook porridge 

(POB) 

48% Bengtsson et al. 

(2010) 

Porridge With oil addition 

(POA) 

31% Bengtsson et al. 

(2010) 

Flour Steam treated 

2 min 

4 min 

6 min 

 

22.7 

42.8 

30.1 

Trancoso-Reyes et al. 

(2016) 

Flour Microwave treated 

2 min 

4 min 

6 min 

 

15.1 

17.4 

27.1 

Trancoso-Reyes et al. 

(2016) 
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Table 2-4. Effect of storage and packaging material on β-carotene retention of sweetpotato 

products 

Product Packaging 

material 

Duration (days) Β-Carotene 

retention 

Reference 

Sweetpotato 

flakes 

Nylon laminate 

with vacuum 

120 84% Emenhiser, et 

al. (1998) 

Sweetpotato 

flakes 

Nylon laminate 

with vacuum 

240 65% Emenhiser, et 

al. (1998) 

Sweetpotato 

flakes 

Nylon laminate 

with head space 

120 70% Emenhiser, et 

al. (1998) 

Sweetpotato 

flakes 

Nylon laminate 

with head space 

240 52% Emenhiser, et 

al. (1998) 

Sweetpotato 

chips 

PET/Al/LDPE, 

BOPP with 

oxygen scavenger 

207 days 90% Marangoni 

Júnior et al. 

(2018) 

 Metalized BOPP 

and BOPP/ with 

oxygen scavenger 

207 days 83% Marangoni 

Júnior et al. 

(2018 

 Metalized BOPP 

with oxygen 

scavenger 

207 days 80% Marangoni 

Júnior et al. 

(2018 

 

PET (polyester), Al (aluminum foil), BOPP (biaxially oriented polypropylene) 
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Table 2-5. Effect of processing on β-carotene retention of OFSP products 

Product Process Β-carotene retention Reference 

Porridge Boiling 69 – 93% Bechoff et al. (2011) 

Chapati Pan roasting with oil 79 – 97% Bechoff et al. (2011) 

Boiled sweetpotato Roots covered with 

water, lid on, 20 min 

92% Jaarsveld et al. 

(2006) 

Boiled sweetpotato Roots covered with 

water, no lid, 30 min 

88% Jaarsveld et al. 

(2006) 

Boiled sweetpotato Half covered with 

water, lid on, 20 min 

83% Jaarsveld et al. 

(2006) 

Fermented 

sweetpotato 

Lactic acid 

fermentation with 

brine 

93.97% Bernard et al. (2014) 

Dried slices Fresh oven dried, 57 
oC 

88.2% Bengtsson et al. 

(2008) 

Dried slices Fresh solar dried, 

45/63 oC 

91.1% Bengtsson et al. 

(2008) 

Dried slices Fresh open-air-sun 

dried, 30/52 oC 

83.3% Bengtsson et al. 

(2008) 
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Figure 2-1. Commercial OFSP products (chips, juice, cookies, and flour) produced in Africa 

 

 

 

 



47 

 

 

Figure 2-2. Sweetpotato production trend in Africa 1990-2013 (million tons). Source: 

FAOSTAT 
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Figure 2-3. Chemical structures of Major Carotenoids Found in Human Plasma. Source: 

Yonekura and Nagao. 2007 
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Figure 2-4. Possible mechanism of β-carotene cleavage in a purified, postmitochondrial fraction. 

Β-C= β-carotene; α-T = α-tocopherol; RH = fatty acid; ROO• = hydroperoxyl radical; β-C• = β-

carotene alkyl radical; β-COO• = β-carotene peroxyl radical; β-apo-CALs = β-apo-carotenals; β-

apo-Cas = β-apo-carotenoic acids; RAL = retinal; RA = retinoic acid. Source Yeum et al., 2000. 
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Figure. 2-5. Possible scheme of carotenoid degradation. Source: Rodriguez-Amaya and Kimura, 

2004 
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Figure 2-6. Formation of different. Formation of different carotenoid breakdown products from 

one precursor compound such as β-carotene. Siems et al., 2005. 
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CHAPTER 3. 

EFFECT OF STORAGE AND PACKAGING MATERIALS ON COLOR AND 

CAROTENOID CONTENT OF ORANGE-FLESHED SWEETPOTATO FLOURS  
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Abstract 

The loss of carotenes during storage of orange-fleshed sweetpotato (OFSP) flours is a 

major issue. This study evaluated the effect of storage and packaging materials on carotene content, 

color and water activity of OFSP flours. Flours from Vita and Kabode OFSP genotypes were 

packed in aluminum foil laminate (AFL), high density polyethylene and kraft paper and stored 

under light and dark conditions for 4 mo. Results showed significant carotenoid losses (P < 0.001) 

and color value changes (P < 0.05) in stored OFSP flours under both light and dark storage 

conditions. The highest carotenoid loss was found in flours packed in kraft paper (59.33%) while 

AFL (29.88%) was the least. A significant (P < 0.01) increase in water activity was observed in 

all packed samples regardless of storage environment. Therefore, the study suggests AFL as the 

best packaging material for stored OFSP flour due to the low loss of carotenes. 

Key words: Sweet potato flour, Storage, packaging material, Color, Carotenoid  
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3.0. Introduction 

Sweetpotato is an important food crop in Eastern and Southern Africa. It plays an important 

role as a food security crop, providing most of the dietary carbohydrate in South-East Africa 

especially in times of little rainfall because of its ability to tolerate drought (Hagenimana & Owori, 

1996). High nutrient level such as energy, fiber, minerals, vitamins and antioxidants like phenolic 

acids, tocopherols and β-carotene have tremendously increased the popularity of sweetpotato 

(Teow et al. 2007). OFSP are particularly important because of high β-carotene content, a 

precursor for vitamin A, hence, a good and sustainable alternative for vitamin A deficiency 

mitigation. 

In South-East Africa, traditional methods of OFSP utilization include boiling, roasting and 

drying (Hall et al., 1998). Boiled sweetpotato are taken as part of breakfast, snack or as main meal 

during lunch or dinner (Woolfe, 1992). Dried chips are milled into flour and used to make porridge, 

doughnuts, and flat bread (chapati) among others (Nungo et al., 2000; Woolfe, 1992). Elsewhere, 

OFSP powder is used as thickener or gelling agent to impart the desired texture in various products 

while enhancing the nutritional value (Ray & Tomlins, 2010). Although OFSP flour is associated 

with the high loss of carotenoids during storage, it is still a main raw material for product 

development both at local and commercial levels. Rodriguez-Amaya et al. (2011) emphasized the 

need to optimize the processing and storage conditions to minimize the loss of carotenoids in OFSP 

flour. The loss of carotenoids in dried OFSP products, like flour and chips, are mostly related to 

drying method, light, oxygen, water activity, and packaging material. No significant difference in 

carotenoid loss was observed when dried OFSP chips were dried under open air, oven, and solar 

driers. Total loss of carotenoids ranged from 16% to 33% with different drying techniques 

(Bechoff et al., 2009). The slight difference in carotenoid loss was attributed to exposure to direct 
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sunlight during the open air drying method (Bechoff et al., 2009). Compared to dried chips, the 

high loss of carotenoids during storage were reported in OFSP flour (Hagenimana et al., 1999). 

The authors attributed high carotenoid loss of flour was due to the small particle size increasing 

the surface area exposed to oxygen, hence, high carotenoid losses through oxidation. Lavelli et al. 

(2007) reported water activity of between 0.31 and 0.54 as having better carotene retention on 

freeze dried carrots stored at 40oC. These studies suggested a need to explore means of minimizing 

the loss of carotenoids in stored OFSP flour. 

Packaging of OFSP flour is crucial to minimize carotenoid loss in storage. A good 

packaging material for flour/chips should protect it against light, oxygen and moisture. Packaging 

materials that are laminate, metallized, coated or aluminum foil are effective at protecting against 

light, moisture, and oxygen. Where possible, oxygen can be eliminated by creating a vacuum, 

flushing with inert gas such as nitrogen, or using an oxygen absorber. Sweetpotato flour was 

packaged and sealed in different forms of packaging such as porcelain and glass jars, tin cans, kraft 

paper bags, cotton bags, and polyethylene bags (van Hal, 2000) to protect against the 

aforementioned factors. No change in color was reported when sweetpotato flour was stored in 

thick gauge white polythene bag, possibly high density polyethylene (HDPE) compared to flour 

stored in enamel cans, plastic cans or calico bags (Tewe et al., 2003). In a separate study, Bechoff 

et al. (2010a) reported 83.7% carotenoid loss when dried OFSP chips of different thickness were 

stored traditionally in jute bags in a mud house for 4 mo. 

Although it is general knowledge that prolonged storage of OFSP flour results in high 

carotenoid degradation, there is a lack of information on the effect of storage conditions and 

packaging materials on carotenoid retention of OFSP flour. This study was undertaken to evaluate 

the effect of storage conditions and packaging materials on color, water activity and carotenoid 
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content of OFSP flours during a storage period of 4 mo. Storage period with highest carotene 

degradation was also identified. The study evaluated aluminum foil laminate (AFL), HPDE, and 

Kraft paper on carotenoid retention of OFSP flour made from Vita and Kabode genotypes stored 

in dark and light conditions. 

 

3.1. Materials and Methods 

 

3.1.1. Source of OFSP roots and flour processing 

OFSP flour was produced at Organi Ltd in Ringa, Kenya. Two OFSP genotypes, Vita and 

Kabode, were harvested 3.5 mo after planting for flour production. OFSP flour was produced 

following methods described by Abidin et al. (2015) with some modifications. The peeling step of 

flour production was skipped because OFSP flour is traditionally produced without peeling in 

Kenya. In brief, sweetpotato roots were sorted, cleaned and trimmed. The roots were washed again 

and then sliced into 2-mm thick slices by a chipper. The slices were dried in a solar drier for 4 d 

to 8% moisture content and then milled by hammer mill into flour. The external average 

temperature and relative humidity during drying were 32°C and 54%, respectively. Temperature 

and relative humidity inside solar dryer were not recorded due to lack of data logger at the facility.  

 

3.1.2. Packaging and storage 

Three types of packaging materials namely Kraft paper (VIP Mills Ltd, Nairobi, Kenya, 

HDPE (General Industries Ltd, Nairobi, Kenya), and AFL (Packaging Industries Limited, Nadume 

Road, Nairobi, Kenya) were evaluated for their effect on carotene retention in relation to color. 

The thickness for HDPE and AFL was 80 and 90 microns respectively. Other packaging material 

properties like density were not provided by the supplier. Hundred gram flour from Vita and 
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Kabode genotypes were packed in the aforementioned pouches and stored under light and dark 

conditions. The light storage of flour was included to simulate home storage condition. Vacuum 

sealing was applied to HDPE and AFL while Kraft paper had air removed manually and then 

glued. The two sets of experiments (dark and light) were replicated twice in a factorial experiment. 

The storage study was conducted for 4 mo and sampling for carotenoid content, moisture content, 

color, and water activity was done weekly for the first mo, then biweekly for second mo and 

monthly for the last 2 mo. Temperature and relative humidity were recorded with a data logger 

(Extech instruments, 9 Townsend W, Nashua, NH 03063, USA) during the entire storage period. 

 

3.1.3. Carotenoid extraction of OFSP flour 

Procedure described by Muzhingi et al. (2008) was followed for carotenoid extraction with 

minor modifications. About 0.6 g of flour was weighed into an extraction tube and 5 mL of 

methanol was added. The sample was vortexed and incubated at 70°C for 10 min. After incubation, 

the sample was vortexed again and centrifuged at 3000 rpm for 5 min. The upper phase was 

transferred into a 25 mL volumetric flask and the residue was extracted four times with 5 mL 

Tetrahydrofuran (THF). The final volume of the extract was adjusted to 25 mL with THF. Exactly 

2 mL of extract was purified with 2 mL water, 4 mL hexane and 1 mL methanol, then centrifuged 

at 3000 rpm for 5 min. The upper phase was transferred into another test tube and evaporated to 

complete dryness under liquid nitrogen. The dried extract was reconstituted with 2 mL of 

methanol:THF solution (85:15 v/v). About 1 mL of sample was transferred to HPLC vial for 

analysis. Carotenoid extraction was done under yellow light conditions to minimize degradation 

due to white light. 
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3.1.4. HPLC analysis of carotenoid 

Carotenoids were analyzed by reversed phase HPLC using a Waters 9562 system equipped 

with auto sampler injector, degasser, pump and Waters 9562-UV-visible photodiode array detector 

operating at 450 nm (Waters Corporation, Milford, MA). Separations were carried out on a 3-μm, 

150 x 3.0 mm, Semibore column (YMC, Wilmington, NC). The isocratic mobile phase consisted 

of methanol:methyl tert-butyl ether:water (85:12:, v/v/v, 1.5% ammonium acetate (Phase A), 

8:90:2, v/v/v, 1% ammonium acetate (Phase B). The flow rate was 0.4 mL/min and injection 

volume of the sample was 30 µL. Standard curves of pure all-trans β-carotene, 13-cis β-carotene 

and 9-cis β-carotene were used to quantify the carotenoids. Total carotenoid content was obtained 

as the summation of the individual carotenes.  

 

3.1.5. Color measurement 

Color was measured using a Lovibond LC100 Spectrophotometer (Wilford Industrial 

Estate, Ruddington Lane, Nottingham). Flour color was described based on L*, a* and b* where 

L* is a measure of lightness, a* defines components on the red–green axis, and b* defines 

components on the yellow-blue axis. Color images were taken at three different points per sample 

and mean was calculated for the parameters. In this study a* was correlated with β-carotene 

content. 

 

3.1.6. Moisture content determination 

Moisture content was determined following AOAC method (AOAC, 1984) on the same 

day as carotenoid analysis. Five gram of sample was weighed into crucible and dried in the oven 
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at 105°C until constant weight was achieved. Moisture content was determined as the difference 

between initial and final weight of sample expressed as a percentage.  

 

3.1.7. Water activity measurement 

Water activity of flour was measured with an Aqualab instrument (Decagon Devices Inc., 

Hopkin Court, Pullman, WA). Calibration was done with LiCL at 0.5 aw and NaCl at 0.7 aw.  

 

3.1.8 Statistical analysis 

The statistical analysis of data was performed by one way ANOVA using Genstat version 6.0 to 

determine significant differences among the treatments. The correlation coefficients and their 

probability levels were obtained from linear regression analysis. Significance differences among 

treatments was obtained by Tukey’s HSD multiple rank test at P < 0.05. Data is presented as mean 

+ standard error mean (SEM). 

 

3.2. Results and discussion 

 

3.2.1. Identification and quantification of carotenoids 

All-trans β-carotene and its isomers, 13-cis β-carotene and 9-cis β-carotene, were the main 

pro-vitamin A carotenoids found in the sweetpotato flours (Figure 3-1). Basing on the peak area, 

it is clear from Figure 3-1 that all-trans β-carotene was the most predominant carotenoid found in 

the products. Vita roots had the total carotenoid content of 22.97+1.00 mg/100 g dry weight (DW), 

which was not significantly (P > 0.05) different from the value for Kabode roots (21.18+0.55 

mg/100 g, DW). Processing of OFSP roots into flour resulted in significant loss of total carotenoid 

level. After drying, total carotenoid content of Vita flour was 17.21+0.69 mg/100 g (DW) 
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representing 25.08% carotenoid loss while Kabode flour was 15.36+0.13 mg/100 g DW 

representing 27.48% carotenoid loss. 

A slight decrease in 13-cis and 9-cis isomer contents was observed when sweetpotato roots 

were dried and milled into flour and during the entire storage period (data not shown). Achir et al. 

(2014) also reported 13-cis and 9-cis isomers as the major isomers of β-carotene degradation 

during storage of OFSP flour. The current findings are in contradiction to previous findings that 

indicated increased formation of β-carotene isomers under stressful conditions such as heating, 

UV exposure and storage (Chandler & Swartz, 1988). Bechoff et al. (2009) reported similar 

contents of β-carotene isomers before and after drying OFSP chips under hot air, solar drier and 

direct sun. The amount of isomers formed is related to heat and processing time (Doering et al., 

1995). Hiranvarachat et al. (2008) showed that a minimum of 5 h at constant temperature (60°C) 

favored formation of 13-cis β-carotene isomers in oven dried diced carrots. In the current study 

flour was stored at ambient temperature hence, the carotene loss might have been due to oxidation 

rather than isomerization. 

 

3.2.2. Effect of packaging and storage on total carotenoid loss of OFSP flour 

Significant differences (P < 0.001) in total carotenoid content were observed among the 

packaging materials in both storage conditions (Figure 3-2). The highest carotenoid loss was found 

in kraft paper, followed by HDPE, while AFL was the least. However in most cases, the carotenoid 

content of flour in HDPE was comparable to AFL during the entire storage period regardless of 

the storage environment. 

Overall, during the four mo storage period total carotenoid content of flour in kraft paper 

was 7.84+0.02mg/100 g DW for Vita flour and 6.24+0.13  mg/100 g DW for Kabode flour under 
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light exposure (Figure 3-2). Under dark conditions, the carotenoid contents for Vita and Kabode 

flours in kraft paper were 7.98+0.08 mg/100 g DW and 6.4+0.10 mg/100 g DW, respectively 

(Figure 3-2). Thus, the total carotenoid loss for kraft paper under light condition was 54.43% (Vita 

flour) and 59.33% (Kabode flour). The total carotenoid loss under dark condition were 53.58% for 

Vita flour and 58.27% for Kabode flour. Emenhiser et al. (1999) attributed high β-carotene loss to 

oxygen permeability in sweetpotato chips stored under ambient conditions. The current results 

confirm oxygen as the main factor causing carotenoid degradation of flour during storage. Non-

vacuum sealing of flour in Kraft paper led to high oxygen transmissivity into the package causing 

carotenoid oxidation, hence, losses. 

When flour was packed in HDPE, the carotenoid content ranged from 13+0.12 mg/100 g 

DW to 10.7+0.32 mg/100 g DW after 4 mo under storage exposed to light while under dark storage 

it ranged from 14.97+0.53 to 8.9+0.03 mg/100 g DW (Figure 3-2). This translates to 49.08% and 

41.46% carotenoid loss for Kabode and Vita flour, respectively. In contrast, the percent carotenoid 

loss for flour in HDPE under dark conditions was 39.24% (Vita flour) and 40.64% (Kabode flour). 

No significant differences (P > 0.05) in carotenoid content were observed between the two storage 

environments. This further confirms that oxygen, and not light, was the main factor causing 

carotenoid degradation (Emenhiser et al., 1999). Cinar (2004) reported photoisomerization as 

having insignificant effect as opposed to oxidation. Additionally, the vacuum sealing of flour in 

HDPE paper compacted the pack, so it was only the small outer layer that was exposed to light 

while the rest of the inner layer was not affected. 

AFL paper had the least carotenoid loss both under light and dark conditions. The 

carotenoid loss of flour in AFL pouches ranged from 41.5% to 35.03% under conditions exposed 

to light, while under dark conditions it ranged from 30.4% to 29.88%. The reason for low 
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carotenoid loss of flours in AFL might be due to the opaque nature of AFL as well as vacuum 

sealing, which might have prevented carotenoid degradation through photoisomerization and 

oxidation, respectively. Beyond week 8, carotenoid loss was drastic. This might be due to 

accumulation of oxygen in the pouch, hence suggesting carotenoid loss through oxidation. Any 

packaging material has an oxygen transmission rate at a particular temperature and humidity. For 

instance the oxygen transmission rate of AFL at 23°C , 0% RH and 1 atm is 0.01 cc in2/ day while 

water vapor transmission rate is 0.005 g in2/day at 100% RH, 23°C and 1 atm (Emenhiser et al., 

1999). During the storage time, average temperature and RH were 23°C and 24%, respectively. 

Although not statistically significant (P > 0.05), flour from the Kabode genotype was more 

susceptible to carotenoid degradation under dark and light storage conditions. Similarly, there was 

no significant difference (P > 0.05) in carotenoid content between flours stored in dark and light 

conditions. The findings confirm oxygen has greater impact on carotenoid degradation through 

oxidation as previously reported by Bechoff et al. (2010a) and Emenhiser et al. (1999). 

According to Figure 3-3, it is clear that the greatest carotenoid degradation was observed 

during the first 3 weeks of storage both under light and dark conditions. From week 4, carotenoid 

degradation was occurring at a decreasing rate up to week 16 in all the samples. The results indicate 

that the first 3 weeks are critical in minimizing carotenoid loss during storage. Efforts to prevent 

carotenoid degradation during storage should target the first 3 weeks and any handling activities 

prior to storage. It can also be concluded from the results that HDPE and AFL are appropriate 

packaging for OFSP flours for high carotenoid retention. Where possible, storing of OFSP fours 

in HDPE and AFL pouches should be vacuum sealed to achieve maximum carotenoid retention. 

The biggest challenge of using AFL pouches to package OFSP lies in the high cost of the material 

and might, therefore, limit its use. For instance in Nairobi, Kenya HDPE costs KES 1200/100 
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pieces while AFL costs 2300/100 pieces. This explains why AFL is used to package high value 

crops like coffee. Perhaps governments should subsidize AFL pouches for packaging of OFSP 

flour. 

 

3.2.3. Color 

Slight, but significant (P < 0.05), decrease in a* and b* values were observed in all of the 

samples stored under light and dark conditions (Figures 3-3 and 3-4). When OFSP flour was 

packed in Kraft paper, significant decreases in color values were observed during the entire storage 

period under both light and dark conditions. It is possible that light permeated into the package 

since it was brown in color. Non vacuum sealing of Kraft paper also might have led to light 

permeation into the pouches hence loss of color. Flours in HDPE also exhibited non-significant 

decrease in a* and b* values under both conditions. Flours in AFL exhibited almost constant values 

of a* and b* values when exposed both to light and dark storage conditions and results were not 

significant. However, a slight increase in L* values of flours was observed when flours were 

packed in Kraft paper and HDPE under light and dark storage conditions indicating increase in 

lightness of flour. The L* values of flours in AFL were almost constant during the entire storage 

period implying that it provided good barrier against light. It is clear from the results that the a* 

values for Vita and Kabode flours were comparable. The b* and L* values of Kabode flour were 

slightly higher than Vita flour regardless of the packaging material. The high L* values of Kabode 

flours indicated that it was lighter than Vita flours. Generally, the loss of flour color experienced 

in this study was due to exposure to light during drying of OFSP chips in the solar dryer. Drying 

of OFSP chips in the solar dryer for 4 d exposed the product long enough to light to contribute to 

color loss. Effects of the light exposure continued during flour storage. 
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3.2.4. Correlation between color values and β-carotene of flour 

Some studies have linked the a* and b* values to β-carotene content in sweetpotatoes 

(Takahata et.al., 1993; Bengtsson et al., 2008). The authors reported the a* values as having the 

highest correlation to β-carotene content in OFSP fresh roots with correlation coefficients of 0.9 

and 0.96, respectively. However, in our study the a* value did not strongly correlate with the β-

carotene content. The correlation coefficient for light (r = 0.66) and dark (r = 0.68) storage 

condition (P < 0.001) indicate a positive but slightly weak relationship between a* values and β-

carotene content of the flours. During progressive storage of OFSP flours carotenoid loss was so 

rapid while color loss was gradual to constant values resulting in the weak correlation between a* 

value and β-carotene content. The gradual loss in color of stored flour is related to the packaging 

that prevented total access by light. Therefore, color can be used as an indicator of β-carotene 

content in fresh roots and exposed flours only. Where carotenoid rich food is processed and stored 

for a period of time, β-carotene content and color values can be affected by many factors. Gross 

(1991) suggested complexing of carotenoids with proteins, caramelization, phenolic action and 

enzymatic browning as the main factors responsible for color change in carotenoid rich processed 

products. In this study, enzymatic browning during preparation and drying of OFSP chips might 

influence color of flour after milling. Moreover, in this study flours were processed from unpeeled 

roots so the sweetpotato skin might have also affected flour color. 

 

3.2.5. Water activity 

The water activity of flours stored under conditions exposed to light increased from 0.432 

to 0.601 during the 4 mo storage period (Figure 3-5). A similar trend in water activity of flour 

during storage was observed when flours were stored under dark conditions (Figure 3-5). 
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Significant differences (P < 0.001) in water activity were observed among the treatments from 

week 4 to week 16 under both conditions although interaction between genotype, packaging 

materials and storage environment was not significant (P > 0.05). Flours in Kraft paper bags had 

the highest water activity, indicating migration of moisture from the environment into the 

package. It was also observed that the water activity of flours in HDPE and AFL increased 

gradually during the entire storage period. This implies that HDPE and AFL pouches provided a 

good barrier to moisture transmission during the storage of flour. The current findings are in 

agreement with findings by Sra et al. (2014) and Swain et al. (2013). Sra et al. (2014) reported a 

significant increase in water activity of stored, diced carrot slices from 0.365 to 0.432 during 6 

mo of storage. According to Swain et al. (2013), aluminum foil and HDPE had a non-significant 

effect on water activity for both stored red and yellow capsicum. Therefore, HDPE and AFL are 

appropriate packaging materials for OFSP flour. 

Correlations between water activity and β-carotene of stored flours were a negative but 

very strong relationship. The correlation coefficient between the two parameters for flour under 

conditions exposed to light was 0.88 while under dark conditions it was 0.89 (P < 0.001). The 

results indicate that an increase in water activity was associated with a significant decrease in β-

carotene of flours during storage. Lavelli et al. (2007) reported that carotenoids are relatively 

stable over a water activity range of 0.31–0.57 in freeze-dried carrot. Thus, water activity can 

also be used as a reliable indicator in the assessment of β-carotene content in flour during 

storage. 

Although data on sorption isotherms of stored OFSP flours was not collected, Bechoff 

(2010b) and Lavelli et al. (2007) have reported of the same in relation to water activity and 

carotenoid degradation. Bechoff (2010b) found that samples stored at aw=0.13 showed greater 
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losses of β-carotene, followed by those stored at aw = 0.30, 0.51 and 0.76. The study 

demonstrated that storage at high water activity (aw =0.76) improved β-carotene retention, but 

such practice would not be recommended due to high probability of microbial spoilage. Bechoff 

(2010b) further reported a linear relationship between the β-carotene degradation rate and water 

activity (R2=0.952) which agrees with the current findings. The rapid carotene degradation at low 

water activities might have contributed to the total carotene breakdown at high water activities in the 

long run. 

 

3.2.6. Conclusions 

The study has demonstrated that AFL with vacuum sealing is a suitable packaging 

material for storing OFSP flour with high carotenoid retention and minimal increase in product 

water activity. Packing of flour in AFL should be vacuum sealed for high carotenoid retention. It 

is also evident from the study that the association between a* value and β-carotene content of 

flour was positive but weak. Increased water activity of OFSP flours was strongly, but 

negatively, associated with β-carotene content. The low water activity of flour in AFL makes the 

pouch the appropriate packaging for stored OFSP flour. Future studies should focus on assessing 

economic analysis of AFL in packaging of OFSP flours. 
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Figure 3-1. Chromatogram peaks of 13-cis β-carotene (A), All trans β-carotene (B), and 9-cis β-

carotene (C). 
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Figure 3.2 Total carotenoid content of OFSP flour stored under light condition (Panel A). 

Carotenoid content of OFSP flour stored under dark condition (Panel B). 
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Figure 3-3. The a* (Panel A), b* (Panel B) and L* (Panel C) of flour stored under light 

condition 
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Figure 4. The a* (Panel A), b* (Panel B) and L* (Panel C) of flour stored under dark condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. The a*, (Panel A), b* (Panel B) and L* (Panel C) of flour stored under dark 

condition 

 

 

 
 

 

1

3

5

7

9

0 1 2 3 4 6 8 12 16

a*

Time (Weeks)

A

Kraft Vita Kraft Kabode HDPE vita HDPE Kabode AFL vita AFL Kabode

0

5

10

15

20

25

0 1 2 3 4 6 8 12 16

b
*

Time (Weeks)

B

Kraft Vita Kraft Kabode HDPE vita HDPE Kabode AFL vita AFL Kabode

20

40

60

80

100

0 1 2 3 4 6 8 12 16

L
*

Time (Weeks)

C

Kraft Vita Kraft Kabode HDPE vita HDPE Kabode AFL vita AFL Kabode



77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Water activity of OFSP flour stored and light condition (Panel A) and dark condition 

(Panel B). 
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CHAPTER 4. 

EFFECT OF PROCESSING AND OIL TYPE ON CAROTENE BIOACCESSIBILITY IN 

TRADITIONAL FOODS PREPARED WITH FLOUR AND PUREE FROM ORANGE-

FLESHED SWEETPOTATOES 
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4.0. Introduction 

Sweetpotato (Ipomea batatas Lam) is the fourth most important staple crop in sub-

Saharan Africa (FAOSTAT, 2004). It is rich source of energy, fiber, minerals and vitamins. 

Orange-Fleshed sweetpotato (OFSP) contains β-carotene, a precursor for vitamin A (VA) in the 

body. In sub-Saharan Africa traditional methods of sweetpotato preparation include boiling, 

steaming, roasting, and drying (Hall, 1998). Dried OFSP products like chips and flour are the 

common ingredients for food preparations at the household level (Hall, 1998). In the recent past, 

the use of OFSP puree has become important due to its high carotene retention during storage as 

compared to flour and dried chips. Utilization of OFSP puree in bread formulation and porridge 

has been adopted in Kenya. 

Although OFSP contains significant amounts of β-carotene, not all of the available 

quantity is retained after processing. Bechoff et al. (2011) reported retention of all-trans-β 

carotene in porridges and chapatis supplemented with 30% OFSP flour by 69-93% and 70-97%, 

respectively. Significant degradation in β-carotene content of deep fried OFSP products have 

been reported (Kidmose, 2006). The carotene losses of the deep fried products were mostly due 

to longer frying times at high temperatures causing transfer of carotenes into the oil, as they are 

oil-soluble. These studies have demonstrated carotenes loss during processing and storage of 

OFSP products. However, there is need to investigate carotene retention of various OFSP 

products as affected by processing and sweetpotato genotype. In addition, information on β-

carotene bioaccessibility of OFSP traditional products is limited. Carotenoids bioaccessibility is 

defined as the fraction of carotenoids transferred by food to mixed micelles (small aggregates of 

mixed lipids and bile acids suspended within the ingesta), therefore becoming accessible for 

subsequent uptake by intestinal mucosa (Burri, 2011). It is important to have high bioacessibility 
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of β-carotene in OFSP in order to fully have health-benefits from the nutrient. Carotenoid 

bioaccessibility is affected by a number of factors such as carotenoid structure, processing, 

dietary fat and oil. Among the different types of carotenoids, lutein is reported to be more 

bioaccessible due to the fact that lutein is an oxycarotenoid and therefore more hydrophilic than 

hydrocarbon carotenoids (Garret et al., 1999). High temperature processing of carotene-rich 

foods disrupts plant cell walls and organelle membranes, facilitating greater access of digestive 

enzymes to substrates and release of carotenoids for integration into mixed micelles resulting in 

high bioaccessibility (Hendren, 2002). Bioaccessibility of β-carotene increased from 0 to 20% 

with addition of fat/oil to digestion (Pugliese et al., 2013; Ekase et al., 2012). Similarly, Failla et 

al. (2008) observed an increase in carotenes as a result of addition of triglyceride to carotenoids 

rich salad. 

The effect of oil type on in vitro carotene bioaccessibility of OFSP products has not been 

fully explored. Therefore, the current study focused on assessing the bioaccessibility of all-trans 

β- carotene from OFSP products for improved VA intake and consequently contribute toward 

eradicating VA deficiency in Africa. The effect of oil type on β-carotene bioaccessibility was 

also evaluated in this study. Information generated by the study is important to determine 

processing methods and oil type with optimal carotene delivery after digestion for probable 

intestinal absorption. 
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4.1. Materials and Methods 

 

4.1.1. Chemicals and standards 

Reagents for chemical analysis (ethanol, methanol, tetrahydrofuran (THF), hexane, 

butylated hydroxytoluene, acetone, and methyl tert-butyl ether), β-carotene standards (all-trans β-

carotene, 13-cis and 9-cis β-carotene isomers) and enzymes (α amylase, pepsin and pancreatin) for 

in vitro digestibility studies were purchased from Sigma Aldrich (St. Gallen, Switzerland). All 

local food ingredients and materials were sourced in Kenya. 

 

4.1.2. Sweetpotato genotypes and preparation of dried chips and flours 

Two OFSP genotypes namely Vita and Kabode were bought from farmers in Oyugisi, 

Kenya. After harvest the roots were washed with water to remove sand and dirt and immediately 

processed into flour and puree. For flours, sweetpotato roots were cut into 5 mm slices using a 

chipper and then dried in a solar dryer to a moisture content of 10%. After drying, the 

sweetpotato slices were milled into flour, packed in brown sack bags lined with polyethylene 

paper on both sides and stored at -20oC until used in porridge and chapati preparations. For 

sweetpotato puree, sweetpotato roots were cleaned, trimmed and boiled unpeeled at 100oC for 1 

h. After cooling to room temperature, the cooked roots were pureed using a hammer mill, 

vacuum packed and stored at -20o C until usage in porridge and chapati making. 

 

4.1.3. Porridge preparation 

Hundred gram of 50% OFSP flour/puree and 50% maize flour was weighed and mixed 

with 100 mL cold water to form a slurry. The slurry was then added to hot water while stirring to 
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form a paste and allowed to cook for 5 min. Hundred percent maize flour porridge was prepared 

as control. Cooked porridge was allowed to cool, packed in ziplock bags and stored at -80oC 

until analysis. 

 

4.1.4. Chapati preparation and effect of oil type study 

Hundred grams of 50% OFSP flour/puree and 50% wheat flour blend were weighed into 

a mixing bowl. A pinch of salt, a tablespoon of pure sunflower oil, and water were added to form 

a dough. The dough was cut into small portions and then rolled to form round flat doughs. The 

flat doughs were roasted in a pan containing 2 tablespoons of oil at 175oC for 2 min. Hundred 

percent wheat flour chapati was prepared as control. Cooled chapatis were packed in ziplock 

bags and stored in -80oC until further tests were conducted. 

Three oil types, namely sunflower oil, margarine, and beef fat were evaluated. The choice 

of the oils was based on the degree of saturation and their local availability. According to our 

free fatty acid analysis with gas chromatography, the composition of the oils were as follows: 

sunflower oil contained mostly polyunsaturated (59%), with 30% monounsaturated and 11% 

saturated fatty acids; margarine is hydrogenated oil, behaves more like saturated fat, and is 

comprised of 46% saturated, 43% monounsaturated and 11% polyunsaturated fatty acids; beef 

fat comprised saturated (49%), monounsaturated (42%) and polyunsaturated (9%) fatty acids. 

Pure sunflower oil, margarine or beef fat were added to OFSP supplemented chapatis. The 

amount of oil added was 10% (w/w) of chapati formulation. OFSP puree and flour without oil 

were the controls for the experiment. The chapatis were prepared and stored as explained above. 
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4.1.5. In vitro digestion 

The in vitro digestion of porridge and chapati was based on the method reported by Failla 

et al. (2009) with some modifications. Ten-gram sample was mixed with 6 mL of oral phase (pH 

6.9) buffer containing 3015 units of α-amylase enzyme and incubated in a shaking water bath at 

37oC for 10 min. The gastric phase was initiated by adding 30 mL 0.9% sodium chloride solution 

and adjusting pH to 3.5 with 1.0 N HCL. Two milliliters of 10 mg/mL pepsin enzyme was added 

and pH adjusted to 2.5 and final volume adjusted to 40 mL with 0.9% saline solution. The 

sample was incubated again at 37oC for 1 h in a shaking water bath. To initiate the intestinal 

phase, pH was adjusted to 5.0 with 1.0 N NaOH. Two milliliters of pancreatin enzyme (20 

mg/mL) and 3 mL of bile extract (30 mg/mL) were added to the sample and pH adjusted again to 

6.5 with 1.0 N NaOH. This was followed by incubating the sample at 37oC for 2 h. At each stage 

of incubation the sample was blanketed with nitrogen to prevent oxidation. After intestinal phase 

of digestion, about 15 mL of the digesta was transferred into a clean test tube, blanketed with 

nitrogen and kept in a -80oC freezer awaiting carotenoid analysis. The remaining material was 

centrifuged at 4000 x g, 4oC for 1 h. The aqueous micellar fraction was filtered through micro 

filter (0.45 mm), blanketed with nitrogen and kept at -80°C until carotenoid analysis. The in vitro 

digestion experiment was done in triplicate for each prepared product. 

 

4.1 6. Carotenoid extraction and analysis 

Porridge and chapati: Triplicate samples (about 1 g) of OFSP porridge and chapati were 

extracted three times with hexane prior to saponification with 120 μL of 80% KOH and 

incubating at 85oC for 10 minutes. The extract was evaporated to complete dryness under a 
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stream of nitrogen and reconstituted with appropriate volumes of methanol:THF solution (85:15 

v/v) according to extract concentration. 

Digestive fractions: Intestinal digesta and aqueous micellar fractions were extracted three 

times with 1:3 acetone:hexane with 0.1% w/v butylated hydroxytoluene, dried using nitrogen 

evaporator (Organomation Associates, Berlin, MA) and then reconstituted with methanol:THF 

solution (85:15 v/v). The reconstitution volumes for intestinal digesta and filtered micellar 

fractions were 1000 μL and 150 μL respectively. 

All extraction procedures were done under yellow light to minimize carotenoid 

degradation. Carotenoids were analyzed by reversed phase HPLC equipped with auto sampler 

injector, degasser, pump and Waters 9562-UV-visible photodiode array detector operating at 450 

nm (Waters Corporation, Milford, MA). Separations were carried out on a 3-μm, 150 x 3.0 mm, 

Semibore column (YMC, Wilmington, NC). The mobile phase consisted of methanol:methyl 

tert-butyl ether:water (85:12:3, v/v/v), plus 1.5% ammonium acetate(w/v) (phase A), 

methanol:methyl tert-butyl ether:water (8:90:2, v/v/v), plus 1% ammonium acetate(w/v) (phase 

B). The gradient procedure was at a flow rate of 0.4 mL/min and injection volume of the sample 

was 30 µL. The gradient program was as follow:  100% solvent A for 2 min, followed by 9 min 

90% solvent A and 10% solvent B, then 12 min 45% solvent A and 55% solvent B, a 15 min 

hold at 5% solvent A and 95% solvent B, then a 2 min gradient back to 100% solvent A. 

Standard curves of pure all-trans β-carotene, 13-cis β-carotene and 9-cis β-carotene were used to 

quantify the carotenoids. 
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4.1.7. Moisture content determination 

Porridge and chapati samples were analyzed for moisture content at the same time as for 

carotenoid analysis. Determinations were made by drying triplicate 5-g samples in an oven 

(Gallenkamp, Leicestershire, UK) at 105oC to a constant weight (minimum 24 h) (AOAC, 1984). 

 

4.1.8. Statistical analysis 

All experiments were performed with three replications. The statistical analysis of 

collected data was performed by ANOVA using Genstat version 6.0 to determine differences 

among the treatments. Significant differences among treatments was obtained by Tukey’s HSD 

multiple rank test at P < 0.05. 

 

4.2. Results and discussion 

 

4.2.1. β-carotene content of OFSP products 

The HPLC chromatogram of carotenoids in OFSP supplemented porridge and chapati is 

shown in Figure 4-1. Identification of carotenoids was achieved by retention time and absorption 

spectra collected between 250 and 550 nm with those of authentic standards. From the method 

developed in the study, 13-cis β-carotene, all-trans β-carotene, and 9-cis β-carotene were identified 

by peak retention times occurring at 21 min, 23 min and 24 min, respectively. Quantification of 

carotenoids was achieved using a calibration curve with the correlation coefficient of > 0.998. 

Total β-carotene content was expressed as summation of the three carotenes. As shown in Figure 

4-1, all-trans β-carotene and its isomers 13-cis and 9-cis β-carotene were the main carotenes found 

in the OFSP products. It is worthwhile to mention that the control products, maize flour porridge 
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and wheat flour chapati did not contain any detectable level of provitamin A carotenes, hence were 

not included in subsequent experiments. 

 

4.2.2. All-trans β-carotene retention during processing 

The carotene contents of the products before cooking is shown in Table 4-1. Results of 

carotene analysis of the products expressed in μg/g fresh weight (FW) and μg/g dry weight (DW) 

are presented in Tables 4-2 & 4-3 respectively. It is clear that all-trans β-carotene was the 

predominant carotene in all the products accounting for >70% of total carotene. This was 

followed by 13-cis β-carotene while 9-cis β-carotene isomer was the least. Significant 

differences were observed among the products in terms of all-trans β-carotene content (P < 0.05) 

(Table 4-2). Between OFSP flour and puree, products made from flour had more all-trans β-

carotene content than those made with puree. For instance, the all-trans β-carotene contents in 

vita flour chapati and kabode flour chapati were 37.91 μg/g FW and 36.22 μg/g FW respectively 

while vita puree chapati and kabode puree chapati had 17.46 μg/g FW and 11.64 μg/g FW 

respectively. A similar trend was observed when the porridges were supplemented with either 

OFSP puree or flour. The total β-carotene contents of vita flour and kabode flour porridge were 

significantly higher than vita puree and kabode puree porridge (P < 0.05) (Table 4-3) but results 

were not significant. The result might be related to high moisture content of porridge and puree 

based-products compared to flour although puree-based chapatis had low moisture content 

probably due to high roasting temperature. With reference to the moisture content of the 

products, the dry weight basis (Table 4-3) gave a different trend whereby the carotene content of 

porridge was higher than chapati. The results imply that considering the fresh weight basis, we 

benefit more of the nutrient in products with low moisture content. In the same line, high 
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moisture content foods are nutrient dense and more beneficial nutritionally on dry weight basis. 

Thus, we might obtain more β-carotene from OFSP chapati and porridge on fresh weight and dry 

weigh basis respectively. Ideally we consume porridge on fresh weight basis so for the same 

amount of β-carotene, more of the porridge will have to be consumed (as is) compared to 

chapati. The carotene content of puree-based products did not significantly improve on dry 

weight basis compared to flour-based products. This was due to high moisture content of puree 

which might have contributed to excessive dilution of total carotene when mixed with non-OFSP 

flour. It is seen from the results that there were no significance differences (P > 0.05) in all-trans 

β-carotene content among the products containing either OFSP puree or flour (Tables 4-2 & 4-3). 

Overall, on fresh weight basis, OFSP supplemented chapatis had high all-trans β-carotene 

content compared to porridge. The findings are in accordance with Bechoff et al. (2011), who 

reported higher all-trans β-carotene content from chapatis than porridge supplemented with 30% 

OFSP flour. The relatively low all-trans β-carotene of porridges might be related to its 

degradation associated with longer cooking time. The average cooking time of porridge was 5 

min while chapati was 2 min, thus, allowing more carotene degradation in porridge. The low 

moisture content of chapatis might have also contributed to higher carotene content as compared 

to porridge with higher moisture content on wet weight basis. 

Beta carotene is susceptible to degradation during processing at temperatures above 

37oC. In this study, apparent all-trans β-carotene retention of the products was determined by 

comparing carotene content in finished products (Table 4-2) to the initial content in OFSP 

composites flours and/or puree in product formulation (Table 4-1). All-trans β-carotene retention 

of chapatis ranged from 76% (kabode puree chapati) to 82.33% (vita flour chapati) while among 

the porridges it ranged from 65% (kabode flour porridge) to 71% (vita flour porridge) (P < 0.05). 
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The findings are comparable to carotene true retention in OFSP chapatis and porridges reported 

by Bechoff et al. (2011). Kean et al. (2008) reported carotene retention of 52% (yellow maize 

porridge) and 75% (yellow maize bread). The authors attributed isomerization of carotene during 

thermal processing as the main cause for decrease in carotene content. Bechoff et al. (2011) 

explained the lower carotene retention in porridge was possibly due to increased heat damage to 

carotenoids caused by their greater dispersion in boiling water. Increase in 13-cis and 9-cis β-

carotene isomers as a result of high temperature processing were also reported (Bechoff et al., 

2011; Chandler, 1988). However, the effect of β-carotene isomerization as a result of high 

temperature processing was not observed in the current study. Differences in OFSP genotype, 

ingredient interactions and differences in processing conditions may partially explain, the 

observed differences. Apart from isomerization of carotenes during thermal processing, Bechoff 

et al. (2018), explained physical losses such as leaching of carotenes into water experienced at an 

initial step of processing as a factor responsible for carotene degradation in processed products. 

It is important to mention that the carotene retentions reported in this study were calculated 

based on fresh weight of the products, since they are consumed fresh. A different scenario would 

be observed on dry weight basis as shown in Table 4-3. 

 

4.2.3. In Vitro β-carotene bioaccessibility in OFSP products 

The effect of processing on digestive stability and micellarization efficiency of all-trans 

β-carotene was evaluated on digesta and filtered micellar of OFSP porridge and chapatis 

respectively. Digestive stability indicates the percentage of the carotenoids recovered in the 

digesta following simulated digestion of OFSP products. It was calculated as amount of 

carotenoids in the digesta expressed as a percentage of the amount of carotenoids in the 
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undigested food product. The percentage of carotenoids transferred from the digesta to the 

filtered aqueous fraction is defined as the micellarization efficiency and is used as a measure of 

relative bioaccessibility. Micellarization efficiency was calculated as the amount of carotenoids 

in the aqueous micellar fraction expressed as a percentage of the amount of carotenoids in the 

digesta. As shown in Figure 4-2, percent digestive stability of all-trans β-carotene of porridge 

ranged from 52% to 72.9% whereas in chapatis it ranged from 69% to 87%, and the results were 

not dependent on sweetpotato genotype. The current findings of carotene recovery after 

simulated digestion are slightly lower than the recovery values of >100% reported by Kean et al. 

(2008). Despite the differences with published literature, the carotene recovery obtained in this 

study was >50% indicating good stability of carotene in the products during simulated digestion. 

As shown in Table 4-2, puree-based products had low carotene content compared to flour-based 

products, a similar trend was observed on carotene recovery after digestion. It is documented that 

in the food matrix, carotenes are found complexed to proteins in chromoplasts forming a 

proteinaceous complex (Garrett et al., 2000). Such complex microstructure has major 

implications on the release of carotenes during processing, simulated digestion, extraction and 

analysis. Processing methods that cause more disruption of cell matrix result in high carotene 

recovery after digestion. This explains in part the high digestive recovery of OFSP flour-based 

porridge and chapatis. The maceration of OFSP roots during chipping step as well as milling of 

dried chips into flour caused cell rupture and facilitated release of carotene from the matrix, 

resulting in improved carotene delivery. On the other hand, the processing step of puree did not 

include severe maceration of the cells such as chipping and milling resulting in low carotene 

recovery after simulated digestion. 
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The mean efficiency of micellarization for all-trans β-carotene varied between products. 

The all-trans β-carotene micellarization ranged from 11 to 18% for porridge and from 40 to 62% 

for chapati (Figure 4-2). With reference to the OFSP primary product, flour-based products had 

high micellarization efficiency compared to puree-based products. The result is similar to the 

findings by Bechoff et al. (2011) who reported high micellarization efficiency for OFSP flour 

porridge compared to boiled and mashed OFSP. Bengsston et al. (2009) reported a close 

relationship between damaging effect of drying on sweetpotato cell integrity and bioaccessibility. 

Moreover, cell disruption during chipping of roots and grinding of OFSP dried chips facilitated 

release of carotene from cell matrix and giving great access by enzymes during in vitro digestion 

resulting in improved bioaccessibility of flour-based products. In the same way, the kneading 

step of chapati dough facilitated release of all-trans β-carotene from the food matrix making it 

more accessible to digestive enzymes. Processing temperature is another factor affecting 

carotene bioaccessibility. Hendren (2002) explained that high temperature processing disrupts 

plant cell wall and organelle membrane facilitating greater access by digestive enzymes to 

substrate and carotene release for incorporation into mixed micelle, hence improved 

bioaccessibility. Thus, the high processing temperature of chapatis (175oC) compared to 

porridge (100oC) might have influenced high carotene bioaccessibility. 

In general, the micellarization efficiency trend corresponded well to digestive recovery 

further confirming stability of carotene to simulated digestion. The lower levels of 13-cis and 9-

cis β-carotene in the products consequently affected their digestive recoveries and apparent 

bioaccessibility (results not shown). This is contrary to findings by Bechoff et al. (2011) who 

reported improved bioaccessibility of cis isomers compared to all-trans β-carotene. It is 

important to mention that the current all-trans β-carotene micellarization efficiencies of OFSP 
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products are in line with previous studies (Thakkar & Failla., 2008; Bechoff et al., 2011; Lipkie 

et al., 2013 and Failla et al., 2009). The percentage of micellarized all-trans β-carotene was 16% 

for porridge and 73% for chapati (Bechoff et al., 2011). Considering the processing method, it is 

clear that addition of oil in chapati greatly improved micellarization efficiency. Lipikie at al. 

(2013) also observed improved bioaccessibility with addition of 10% oil in porridge prior to 

simulated digestion. Stir-frying of carotene rich food was reported to lead to high carotene 

bioaccessibility (Garrett et al., 2000: Veda et al., 2010). Authors attributed improved carotene 

micellarization efficiency to addition of oil, as oil can facilitate incorporation of carotene into the 

mixed micelle during digestion. The VA activity of OFSP supplemented porridge and chapati to 

meet nutritional requirements among different groups is well documented by Bechoff et al. 

(2011) and similar estimates can be applied to the products in the current study. 

 

4.2.4. Effect of oil type on β-carotene bioaccessibility 

In the present study the effect of three different oil types, including pure sunflower oil, 

margarine and beef fat, on in vitro bioaccessibility of β-carotene were evaluated and results are 

presented in Figure 4-3. According to Figure 4-3, the digestive stability of the products were 

similar to data presented in Figure 4-2 indicating that all-trans β-carotene of OFSP products is 

not affected by oil type. However, efficiency of transfer of all-trans β-carotene from the aqueous 

phase to the filtered micellar phase was significantly affected by oil type. The greatest 

micellarization efficiency was found in chapati with sunflower oil (67.8%), followed by 

margarine (30.0%) while beef fat (9.3%) was the least. The micellarization efficiencies of the 

control products were significantly lower than chapatis with sunflower oil and margarine but 

higher than chapatis with beef fat. Beta-carotene is a lipophilic micronutrient, hence its 
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bioaccessibility is greatly affected by presence of oil during digestion. Sunflower oil, a 

predominantly long-chain unsaturated fatty acid with low melting point is effective in dispersing 

and dissolving β-carotene at the digestion temperature, thus facilitating its incorporating into the 

mixed micelles. On the other hand, margarine and beef fat are more saturated oils characterized 

by high melting point, hence not as effective at dissolving β-carotene at the digestion 

temperature. Although margarine contained high all-trans β-carotene content (data not shown), 

its presence did not enhance all-trans β-carotene of chapatis. The high micellarization 

efficiencies of the control products compared to beef fat is indicative of inability of beef fat to 

solubilize β-carotene at the digestion temperature as most of the nutrient was trapped in its bulk 

structure. The result further confirms that oil type has great impact on carotene bioaccessibility. 

Apart from dissolving carotene and facilitating incorporation of carotene into mixed micelles, the 

presence of oils also induces secretion of bile and pancreatic juice in the digestive tract. 

Several studies have linked presence of oil to β-carotene bioaccessibility (Pugliese et al., 

2013; Ekase et al., 2012, Failla et al., 2008). Micellarization efficiency of β-carotene during 

small intestinal digestion was increased by lipids rich in unsaturated fatty acids: soybean oil > 

olive > canola > butter (Failla et al., 2014). On the contrary, polyunsaturated fatty acids reduced 

β-carotene bioaccessibity due to formation of peroxides of the nutrient during digestion (Nagao 

et al., 2013). In a separate study, Berni et al., (2014) reported a significant increase in all-trans β-

carotene micellarization efficiency of fried cassava compared to boiled cassava. Bengtsson et al., 

(2010) linked improved micellarization efficiency to cooking style alongside oil addition. Thus, 

cooking style involving cell disruption and oil addition improved β-carotene bioaccessibility. 

However there is a limit to which dietary oils or fats can improve carotene bioaccessibility. 

Presence of excess oil relative to digestive enzyme during simulated digestion suppressed 
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carotene bioaccessibility (Nagao et al., 2013). The effects of oil type on β-carotene 

bioaccessibility reported by the present study is relevant in vivo. Chapati is a staple food 

commonly consumed in sub-Saharan Africa. The current practice of Chapati making involves 

addition of margarine or shortening as a source of dietary oil/fat. Based on the current results, 

margarine gave low carotene bioaccessibility. Alternatively sunflower oil with high carotene 

bioaccessibility could be used as source of dietary oil in chapatis. In Africa sunflower oil is more 

available at affordable price and people could take advantage of this to aid in chapati 

formulation for improved carotene bioaccessibility to fully benefit from the nutrient. 

In conclusion, the current study has indicated that the type of food product and associated 

processes may affect carotene bioaccessibility. Processing methods with high cell disruption 

have higher carotene bioaccessibility. All-trans β-carotene micellarization efficiency varied 

between OFSP products and was higher in chapatis than porridge but results were not affected 

by sweetpotato genotype. Addition of oil in OFSP-supplemented products is critical to ensure 

greater carotene bioaccessibility. Long-chain unsaturated oils, like sunflower oil, have greater 

carotene bioaccessibility than margarine and beef fat. These results confirm that OFSP can serve 

as a source of bioaccessible provitamin A carotenoids. Future research needs to assess 

bioavailability using Caco-2 cells or a similar cell model for trans-epithelial absorption. Human 

studies are warranted to confirm in vivo the efficacy toward improving VA status in target 

populations. There is need for wide screening of OFSP genotypes to ensure development of 

genotypes with highly bioaccessible carotene. 
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Table 4-1. Contents of all-trans, 13-cis and 9-cis β-carotenes (μg/g on a Fresh Weight Basis) in the OFSP puree/flour and maize 

/wheat flour blends before cooking 

Sample 13-cis All-trans 9-cis Total Moisture 

content 

50% vita puree+50% maize flour 5.26+0.57a 21.62+2.18a 0.51+0.12a 26.20+3.20a 60.8+1.09b 

50% kabode puree+50% maize flour 3.37+0.50a 17.31+1.67a 0.42+0.10a 22.39+2.70a 60.6+0.66b 

50% vita flour+50% maize flour 4.85+0.06a 25.30+0.34a 0.57+0.08a 30.89+1.50a 6.5+0.07a 

50% kabode flour+50% maize flour 4.06+0.20a 23.56+0.63a 0.76+0.11a 27.50+1.65a 6.5+0.17a 

50% vita puree+50% wheat flour 5.64+0.30ab 21.17+0.67a 0.59+0.01a 28.14+1.27a 60.6+0.61b 

50% kabode puree+50% wheat flour 4.04+0.20a 14.37+0.30a 0.45+0.23a 18.33+1.24a 59.6+0.43b 

50% vita flour+50% wheat flour 8.38+1.14bc 44.50+1.20b 1.40+0.20b 55.62+2.12b 6.6+0.17a 

50% kabode flour+50% wheat flour 8.42+0.70c 43.15+5.50b 1.50+0.11b 51.55+4.87b 6.3+0.04a 

Data represent mean + SEM; n = 5. Letters with different superscripts represent significant differences (P < 0.05) between samples 

within individual species and total carotenoid using Tukey’s test. 
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Table 4.2. Total B-carotene, all-trans β-carotene, 13-cis β-carotene and 9-cis β-carotene in porridge and chapati containing OFSP 

puree and flour (μg/g FW) 

Genotype Product 13-cis All-trans  9-cis Total Moisture content 

Vita Puree porridge 3.74+0.40a 16.69+1.78ab 0.359+0.08a 20.79+0.22ab 85.8+0.23c 

 Flour porridge 3.36+0.12a 19.63+0.33b 0.459+0.05a 23.44+0.24b 85.7+0.01c 

 Puree chapati 4.40+0.06ab 17.46+0.26ab 0.441+0.00a 22.29+1.01ab 33.0+0.22b 

 Flour chapati 6.51+0.82c 37.91+1.81c 1.003+0.14b 45.42+0.09c 24.7+0.14a 

Kabode Puree porridge 2.51+0.42a 13.33+1.27ab 0.324+0.07a 16.16+1.67ab 85.2+0.01c 

 Flour porridge 3.01+0.14a 17.61+0.78ab 0.561+0.07a 21.18+0.95ab 86.0+0.22c 

 Puree chapati 3.06+0.23a 11.64+0.47a 0.345+0.02a 15.05+0.48a 28.2+0.22a 

 Flour chapati 6.39+0.50bc 36.22+3.2c 1.175+0.10b 43.78+3c 29.3+0.01ab 

Control Maize flour 

porridge ND ND ND ND 

- 

Control Wheat flour 

porridge ND ND ND ND 

- 

 

Abbreviation: ND = Not detected. Data represent mean + SEM; n = 5. Letters with different superscripts represent significant 

differences (P < 0.05) between samples within individual species and total carotenoid using Tukey’s test. 
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Table 4-3. Total B-carotene, all-trans β-carotene, 13-cis β-carotene and 9-cis β-carotene in porridge and chapati containing OFSP 

puree and flour (μg/g DW) 

Genotype Product 13-cis All-trans 9-cis Total 

Vita Puree porridge 3.74+0.32a 116.1+12.34cd 2.49+0.56 bcd 144.6+15.48d 

 Flour porridge 3.36+0.13a 135.8+2.27d 3.18+0.37cd 162.2+1.64d 

 Puree chapati 6.54+0.10bc 26.0+0.40ab 0.66+0.01a 33.2+0.45ab 

 Flour chapati 8.64+1.10c 50.4+2.40b 1.33+0.18ab 60.3+1.34b 

Kabode Puree porridge 2.51+0.42a 89.1+8.46c 3.93+0.44d 108.0+11.15c 

 Flour porridge 3.01+0.14a 123.3+5.43d 2.16+0.51abc 148.3+6.68d 

 Puree chapati 4.28+0.32ab 16.3+0.65a 0.48+0.03a 21.1+0.67a 

 Flour chapati 9.04+0.71c 51.3+4.55b 1.66+0.13abc 62.0+5.38b 

Control Maize flour porridge ND ND ND ND 

Control Wheat flour porridge ND ND ND ND 

Abbreviation: ND = Not detected. Data represent mean + SEM; n = 5. Letters with different superscripts represent significant 

differences (P < 0.05) between samples within individual species and total carotenoid using Tukey’s test
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Figure4-1. Chromatograms (abs 450 nm) of major provitamin A carotenoids found in OFSP-

maize flour porridge and OFSP-wheat flour chapati. Peak identification: 13-cis β-carotene (A), 

all-trans β-carotene (B), 9-cis β-carotene (C).  
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Figure 4-2. Effect of processing methods on the in vitro β-carotene bioaccessibility of OFSP 

products. Values are presented as mean + SEM; n = 3. 
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Figure 4-3. Effect of oil type on bioaccessibility of all-trans β-carotene in OFSP products. 

Digestive stability (A), Micellarization efficiency (B). Values are presented as mean + SEM; n = 

3. 
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CHAPTER 5. 

BIOCONVERSION EFFICIENCY OF -CAROTENE FROM ORANGE-FLESHED 

SWEETPOTATO PRODUCTS INTO VITAMIN A 
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Bioconversion Efficiency of β-Carotene from Orange-Fleshed Sweetpotato products into 

Vitamin A 

 

Abstract 

Orange-fleshed sweetpotatoes (OFSP) contain significant quantities of provitamin A 

carotenoids. Determination of conversion efficiency of β-carotene from OFSP into vitamin A 

(VA) is important to determine its effectiveness as source of VA in humans. The objectives of 

the study were to identify products of β-carotene cleavage and determine the conversion rate of 

β-carotene into retinoid. Beta-carotene extracts from OFSP supplemented products were 

incubated with chicken intestinal mucosa post mitochondrial fractions for 60 min at 37°C. Pure 

all-trans β-carotene standard with and without chicken intestinal mucosa post mitochondrial 

fractions were incubated as controls. HPLC analysis was performed to identify β-carotene 

cleavage products. When β-carotene extract was incubated with chicken intestinal mucosa post 

mitochondrial fractions retinal (RAL) and retinoic acid (RA) were formed. No RAL and RA 

were formed when pure all-trans β-carotene standard was incubated without chicken intestinal 

mucosa post mitochondrial fraction. On average, the conversion ratio of β-carotene to RAL was 

5:1. The results are of significance to people in developing countries who depend on plant food 

to meet their VA requirements. 

Keywords: BCMO1, Cleavage, β-carotene, Vitamin A, OFSP 
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5.0. Introduction 

All-trans β-carotene is a pro-vitamin A molecule that is converted into two molecules of 

VA by the enzyme called 15, 15’-dioxygenase (BCMO1). In humans, the bioconversion of β-

carotene into VA takes place mostly in the small intestines under central cleavage pathway 

(Goodman et al., 1996).The enzyme 15, 15’-dioxygenase cleaves β-carotene at central double 

bond into two molecules of retinal. Retinal acts as an intermediate product of β-carotene 

cleavage as it is exclusively metabolized into retinoic acid (Yuem et al., 2000; Napoli & Race, 

1988). Conflicting reports on the fate of retinal indicate that it is converted into retinol and 

retinoic acid through reduction and oxidation processes respectively (Oslon & Hayaishi, 1965). 

There exists evidence of eccentric cleavage of β-carotene through which β-apo-carotenoids 

lacking VA activity are produced (Russell, 2004; Krinsky et al., 1993). It is widely known that 

the enzyme 15, 15’-dioxygenase cleaves only all-trans β-carotene. The remaining carotenoids are 

incorporated intact in chylomicrons together with lipids and circulate in association with VLDL, 

LDL, and HDL and hence can be taken up by the respective receptors for these lipoproteins 

(Castenmiller & West, 1998). The major factors that affect the bioavailability of food 

carotenoids and the bioconversion of food provitamin A carotenoids to vitamin A in humans are 

food matrices, food preparation, and the fat content of a meal (Furr and Clark, 1997; West, and 

Castenmiller, 1998). 

In the body VA is mainly stored in the liver prior to distribution to various organs and 

tissues where it is particularly essential for normal growth and development, immune function, 

and vision (WHO, 2009). Preformed VA is present in animal products only while pro-vitamin A 

is found in carotene rich plants. Vitamin A deficiency is a condition resulting from inadequate 

intake of VA.  Preformed VA is more bioavailable compared to pro-vitamin A, thus, putting 
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people who depend on plant foods as the only source of VA at risk of VAD (Greiner, 2013). 

OFSP is a biofortified crop rich in pro-vitamin A hence a safe and sustainable tool against VAD. 

Over the years, OFSP based products have been developed in Africa and are widely consumed as 

a sustainable strategy to tackle VAD. Although consumption of carotene rich foods like OFSP is 

being promoted, little is known about the bioconversion efficiency of β-carotene into retinol of 

such foods. It is therefore important to determine the conversion efficiency of β-carotene into 

VA through in vitro methods. As a continuation of β-carotene in vitro bioaccessibility part of this 

thesis, an in vitro bioconversion experiment was performed to identify cleavage products of β-

carotene and determine the conversion rate of β-carotene into retinoid. The methods described by 

During et al. (1996) and Yuem et al. (2000) was adopted with minor modifications for the 

experiment. The protocol was comprised of three parts including extraction of the enzyme from 

chicken intestines, incubating the carotene extract with enzyme for β-carotene cleavage and 

retinoid analysis by HPLC as described below; 

 

5.1. Materials and methods 

 

5.1.1. Enzyme preparation 

The upper half of chicken intestines was washed with ice-cold isotonic saline solution 

(0.9% NaCl). The intestinal mucosa was gently scraped off with a razor blade and homogenized 

with 50 mM HEPES buffer, pH 7.4 containing 1.15% KCl, 1 mM EDTA and 0.1 mM 2-

mercapto ethanol. The post nuclear fraction was prepared by centrifuging the intestinal 

homogenate at 800 x g for 30 min. The fraction was centrifuged further at 10,000 x g for 1 h at 

4°C to remove particulate matter and some organelles. The protein concentration of the protein 
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fraction (enzyme) was determined by the Bradford method. The protein fractions were loaded in 

amber vials, purged with nitrogen and kept at -80°C. 

 

5.1.2. Incubation of β-carotene with enzyme 

The pre-incubation mixture contained 13 mg protein fraction and 300 µL buffer solution 

(0.1 mM α-tocopherol, 0.1 M tricine buffer, pH 8.0, 6 mM sodium taurocholate and 0.5 mM 2-

mercapto ethanol). Alpha-tocopherol was added to prevent oxidation of β-carotene and promote 

its conversion into VA as described by Yuem et al. (2000). The volume of protein fraction was 

slightly increased as opposed to previous authors (During et al., 1996 and Yuem et al., 2000) due 

to low protein concentration of the enzyme. The mixture was incubated at 37oC in a shaking 

water bath for 5 min. After incubation, the enzyme reaction was initiated by adding 100 µg of β-

carotene solubilized in aqueous 167 µL of 4.5% Tween 40 in acetone and incubated at 37oC for 1 

h. The enzyme reaction was terminated by adding 100 µL of 37% formalin solution (w/w) and 

incubated at 37oC for 10 min. Samples of pure all-trans β-carotene with and without protein 

fractions, and protein fractions only were run as controls. 

 

5.1.3. Retinoid extraction of cleaved β-carotene 

Retinoid extraction was according to During et al. (1996) and Yuem et al. (2000) with 

some modifications.  The incubation mixture was extracted with 1.5 mL of chloroform:methanol 

(2:1, v/v) + 0.5 mL hexane. The mixture was placed in ice for 5 min and then insoluble matter 

was removed by centrifuging at 10,000 g, 4oC for 10 min. The step was repeated twice to ensure 

complete extraction of retinoid. The β-carotene extract was evaporated to complete dryness 

under nitrogen and solubilized with 150 µL of ethanol and run on HPLC to determine amount of 
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RAL, and RA formed. The experiment was carried out in yellow light to minimize carotenoid 

isomerization and degradation by light irradiation. 

 

5.1.4. HPLC analysis of retinoid 

The formation of retinoid was monitored by HPLC equipped with a pump, a degaser and 

a UV6000LP photodiode array detector. Retinoids were eluted on a TSK gel ODS-80Ts C18 

reverse phase column, 4.6 X 150 mm connected to pre-column (2 x 20 mm) of Pelliguard LC-18 

(Sigma-Aldrich, 13570 Stockholm, Switzerland). Mobile phase A contained acetonitrile: THF: 

H20 (50:20:30, v/v/v, 1% ammonium acetate) while mobile phase B contained acetonitrile: THF: 

H20 (50:44:6, v/v/v, 1% ammonium acetate). The gradient procedure at a flow rate of 0.4 

mL/min was as follows: 100% solvent A for 3 min followed by a 9 min linear gradient to 40% A 

and 60% B, with a 12 min hold, then a 6 min gradient back to 100% solvent A. 

 

5.2. Results and discussions 

 

5.2.1. Identification of products of β-carotene cleavage 

The HPLC chromatogram of β-carotene cleavage products from OFSP products is shown 

in Figures 5-1 and 5-2. Retention times and absorption spectra of authentic standards were used 

to identify the retinoids. The absorption spectra for RAL and RA was 380 nm and 340 nm 

respectively. According to the method developed in this study, the retention times for RA was 7 

min and 14 min for RAL. Quantification of carotenoids was achieved using a calibration curve 

with the correlation coefficient of >0.998. According to Figures 5-1 and 5-2, RAL and RA were 

the main retinoids identified as β-carotene cleavage products from β-carotene extracts incubated 
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with intestinal homogenate. No β-carotene cleavage products were detected from β-carotene 

extracts incubated without intestinal homogenate. 

 

5.2.2. Bioconversion efficiency of β-carotene into retinoid 

In vitro bioconversion of β-carotene into retinoid was performed using chicken intestinal 

homogenate. When OFSP products were incubated with post mitochondrial fraction of chicken 

intestinal mucosa homogenate in the presence of α-tocopherol, central cleavage products, 

retinoic acid (RA) and retinal (RAL) were observed but not retinol (ROH). There were 

significant differences in the amount of RA and RAL formed between the products, although 

similar products had comparable amounts of RA and RAL. The amount of RAL formed ranged 

from 12.06 to 29.92 μg/mg protein while RA ranged from 23.34 to 40.34 μg/mg protein. As 

expected pure all-trans β-carotene had the highest content of RAL (40.14 μg/mg protein) and RA 

(62.01 μg/mg protein). When pure all-trans β-carotene was incubated without intestinal 

homogenate, no central cleavage products were observed. The finding confirms the efficacy of 

chicken intestinal mucosa post mitochondrial fraction homogenate in converting β-carotene into 

VA active compounds. The difference in RAL and RA formed between porridge and chapati, 

confirms the influence of food matrix on conversion of β-carotene into RAL or RA as reported 

by West and Castenmiller (1998). Addition of oil in chapati might have also increased β-

carotene conversion efficiency into VA compared to porridge. The bioconversion efficiency of 

β-carotene was higher when rats were fed with oily solution of β-carotene (Tanumihardjo, 2002).  

From the results, the amount of RA formed was higher than RAL indicating that most of RAL 

was converted into RA. The conversion of RAL into RA suggests presence of aldehyde 

dehydrogenases (NAD+) and alcohol dehydrogenases enzymes in the post mitochondrial 
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fraction. Napoli and Race (1988) did not detect RAL as an intermediate of β-carotene conversion 

into RA probably due to high concentration of NAD+. With reference to the β-carotene 

concentration of the products (100 μg), on average the conversion ratio of β-carotene to RAL is 

5:1. The conversion ratio of β-carotene into RAL found by this study are slightly higher than 

12:1 estimated by Food and Nutrition Board (IOM, 2001). Previous studies also reported high 

bioconversion rates of β-carotene to retinol, with reported values of 7:1 (Li et al., 2010) and 3:1 

(Muzhingi et al., 2011) for biofortified maize. The difference between the conversion ratios 

might be due to differences in methods used to determine β-carotene conversion efficiency into 

VA. The current study used an in vitro method to determine the conversion ratio while Food and 

Nutrition Board (IOM, 2002) used an in vivo method, hence the difference. 

Previous studies that used pure BCMO1 enzyme or purified post mitochondrial factions 

of intestinal homogenate for β-carotene incubation, reported retinal as the only product of β-

carotene cleavage (Oslon and Hayaishi, 1965; Nagoa et al., 1996). In contrast, Yuem et al. 

(2000) reported RAL and RA as main products of β-carotene cleavage using rat intestinal 

homogenate. In the current study, no eccentric oxidative cleavage products such as apocarotenal 

and apocarotenone were observed. This can be explained by inhibition effect of α-tocopherol on 

formation of eccentric cleavage oxidative products. The finding agrees with findings by Yeum et 

al. (2000) who reported that presence of α-tocopherol prevents conversion of β-carotene into 

eccentric cleavage oxidative products like apocarotenal and apocarotenone. Liu et al. (2004) 

reported that combination of α-tocopherol and ascorbic acid had a stronger effect on the 

inhibition of the smoke-enhanced formation of eccentric cleavage oxidative metabolites of α-

carotene, and on the restoration of the smoke-reduced production of central cleavage metabolites 

of β-carotene than did either α-tocopherol or ascorbic acid alone. Formation of eccentric 
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cleavage oxidative products facilitates formation of cancer cells. On the other hand, RA plays an 

important role in modulating cell proliferation and differentiation of lung epithelial cells, and 

suppresses carcinogenesis in certain epithelial tissues (Lippman & Lotan, 2000). 

 

5.3. Conclusion 

The study found that β-carotene extracts of OFSP products were successfully converted 

into RAL and RA after incubating with chicken intestinal homogenate. The conversion rate of β-

carotene into RAL found by this study is relatively high compared to literature. Still, the findings 

are of significance to people in developing countries who depend on plant food to meet their VA 

requirements. This was a one-time experiment and results might not be applicable to the whole 

organism. In addition, the limitation of the study lies on use of in vitro methods to determine 

bioconversion rate of β-carotene into RAL. Thus, in vivo studies are suggested to validate the 

findings. 
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Table 5-1. The production of retinoids after incubation of 100 μg β-carotene extract with 

mitochondrial fraction of chicken intestines 

Sample RAL RA 

 (μg/mg protein/60 min incubation) 

Vita puree porridge + homogenate 12.87+0.6a 23.34+1.1a 

Kabode puree porridge + homogenate 12.06+0.5a 23.82+0.4ab 

Vita flour porridge + homogenate 15.32+0.2ab 25.95+0.5ab 

Kabode flour porridge + homogenate 15.23+0.2ab 25.56+0.6ab 

Vita puree chapati + homogenate 18.65+0.6b 29.69+1.4ab 

Kabode puree chapati + homogenate 17.38+1.1b 30.19+1.8b 

Vita flour chapati + homogenate 28.62+1.5c 39.07+1.8c 

Kabode flour chapati + homogenate 29.92+5.2c 40.34+1.4c 

β-carotene standard + homogenate 40.14+0.7d 62.01+1.89d 

β-carotene standard - homogenate ND ND 

Homogenate ND ND 

 

Data represent mean + SEM; n = 5. Letters with different superscripts represent significant 

differences (P < 0.05) between samples within individual species and total carotenoid using 

Tukey’s test. ND = not detected 
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Figure 5-1. Retinoic acid peak (at 340 nm) of chapati β-carotene extract with chicken intestinal 

homogenate 
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Figure 5-2. Retinal peak (at 380 nm) of chapati β-carotene extract with chicken intestinal 

homogenate 
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CHAPTER 6. 

CONCLUSIONS AND SUGGESTED FUTURE RESEARCH WORKS 
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6.0. Summary 

In the recent past OFSP is being used as a strategy to tackle VAD in Africa. Scarcity of 

information on carotene bioaccessibility of traditionally processed OFSP products is a limiting 

factor in promotion of the crop to tackle VAD. The main objective of the thesis was to evaluate 

the effect of traditional processing on carotene bioaccessibility. It was hypothesized that OFSP 

can be processed into products with high carotene content and bioaccessibility. The main 

achievement of the research study was quantification of bioaccessible β-carotene from OFSP 

supplemented products. Micellarization efficiency of β-carotene in OFSP products was 

calculated as a measure of relative bioaccessiblity. It was found that chapatis had high β-

carotene bioaccessibility compared to porridge due to addition of oil in the formulation. The 

products (porridge and chapati) were supplemented with either OFSP puree or flour. From the 

results flour-based products had significantly higher bioaccessible carotene than puree based 

products. The results were related to maceration effect of flour processing that impacted cell 

disruption making β-carotene more accessible to digestive enzymes. Roasting of chapatis at high 

temperature (175oC) also improved carotene bioaccessibility. 

Furthermore, the study evaluated the effect of oil type on β-carotene bioaccessibility. 

Three oils types namely sunflower oil, margarine and beef fat were evaluated on carotene 

bioaccessibility of OFSP chapatis. It was found by the study that sunflower oil had optimal 

carotene bioaccessibility followed by margarine while beef fat was the least. The results were 

explained by the low melting point of sunflower oil, thus solubilizing carotene at the digestion 

temperature. Margarine and beef fat have high proportions of saturated fats characterized by high 

melting points hence not effective at solubilizing carotene during digestion to facilitate its 

incorporation into the mixed micelles. Pure sunflower oil is readily available in Africa and 
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consumers could take advantage of that to add in chapati formulation and increase β-carotene 

bioaccessibility. Thus, it is concluded that processing methods with substantial degree of cell 

disruption and presence of polyunsaturated oil in the formulation are critical to enhance carotene 

bioaccessibility from OFSP products. 

Bioconversion efficiency of β-carotene into VA was determine in this study through in 

vitro method using BCMO1 obtained from chicken intestines. According to HPLC analysis of 

retinoids, RA and RAL were identified as main products of β-carotene conversion into VA. 

Although the OFSP products had different conversion rates, on average the conversion ratio of β-

carotene to RAL was 5:1. The bioconversion efficiency found by this study is high compared to 

12:1 reported by Institute of Medicine (OIM, 2001). Replication of the study is suggested to 

validate the findings. 

OFSP flour is still the primary product used in product formulation. Several studies have 

reported high carotenoid loss of dried stored carotene rich products. The second achievement of 

the thesis is identification of packaging material of OFSP flours with highest carotene retention 

during 4 months storage period. It was found that AFL coupled with vacuum sealing was 

effective at retaining carotene of stored OFSP flours and results were neither dependent of 

storage environment (light and dark) nor genotype. The results confirmed that oxidation and not 

light was the main factor for carotene degradation of stored OFSP flour. Apart from light, color 

and water activity were also assessed as fundamental factors influencing carotene content of 

stored OFSP flours. There was a slight change in color parameters (a*, b* and L) of stored OFSP 

flours overtime. Correlation of a* and β-carotene content showed weak association between the 

two. A slight but significant increase in water activity of flours was observed during 4 months 

storage period. Furthermore, water activity strongly and positively correlated with carotene 
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content of the stored flours. In brief, color, particularly a* and water activity can be used as a 

measure of carotene content of stored OFSP flour. In conclusion, the carotene loss of stored 

OFSP flours was determined. Degradation of carotene in stored OFSP flours is the major setback 

as low carotene content of flour translates to inadequate carotene being delivered after 

consumption. Therefore, OFSP flour processors need to consider the packaging material for 

maximum carotene retention. 

 

6.1. Suggested future study 

Future research work is needed particularly on minimizing carotenoid losses during 

processing and exploring ways to improve carotene bioaccessibility of OFSP products. 

Comprehensive studies have been done on modeling carotenoid loss during drying and storage of 

dried OFSP products. The same can be done on modeling carotene losses during thermal 

processing of OFSP based products for improved carotene bioaccessibility. Research questions 

to address various research gaps are below; 

 

 What is the relationship between sweetpotato genetic makeup and β-carotene 

bioaccessibility? Although this thesis did not establish the effect of genotype on carotene 

retention and bioaccessibility probably due to few genotypes evaluated, it is important to 

undertake a comprehensive study on the same. Wide range of OFSP genotypes have been 

developed and released to the community for adoption in the recent past. It is worthwhile 

to study the relationship between genetic makeup and carotene bioaccessibility of OFSP. 

The study will generate information important to plant breeders to improve breeding 
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programs to breed OFSP genotypes with high carotene bioaccessibility and help in the 

fight of VAD. 

 

 What is the carotenoid degradation pathway of thermally processed OFSP products? 

Bechoff et al. (2010), developed and reported the kinetics (k) of carotenoid degradation 

of dried OFSP chips but not heat processed products like porridge and chapati.  The 

authors reported that β-carotene degradation followed first order reactions of kinetic 

modeling. In a separate study, Achir et al. (2013) observed that temperature had a major 

influence on reaction rates k while water activities only impacted k at values under 0.51. 

The use of multi-response modelling was used by Achir et al. (2011) to improve the 

understanding of degradation of β-carotene in oil. However, the studies did not account 

for the factors responsible for carotene degradation during thermal processing to develop 

mathematical models. Kinetic models involving temperature, moisture content and 

oxygen would help in developing mathematical models to determine carotene loss and 

formation of products during thermal processing. Special focus on products of carotenoid 

degradation during thermal processing is also important. Moreover, the products 

generated during β-carotene degradation may have positive or negative biological activity 

(Zhang and Omaye 2001). Comprehension of the processes will assist in developing 

novel ways to minimize carotenoid degradation during thermal processing. 

 

 What is the β-carotene bioavailability of OFSP products commonly consumed in Africa 

to help eradicate VAD? Bioavailability is defined as the fraction of carotenoid that is 

absorbed and available for utilization in normal physiological functions or for storage 
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(Tanumihardjo, 2002). The current study did not undertake bioavailability of β-carotene 

in OFSP products. It is categorically important to determine bioavailability of β-carotene 

to determine the fraction that it is absorbed and made available for body utilization. Thus, 

bioavailability of β-carotene using Caco-2 cells is suggested. 

 

 What are the various micronutrients affecting β-carotene bioavailability and 

bioconversion of OFSP products? How does the interaction between the micronutrients 

affect carotene bioavailability and bioconversion? The factors affecting carotenoid 

bioavailability have been discussed extensively in the literature and can be summarized in 

the mnemonic SLAMENGHI proposed by West and Castenmiller (1998). Apart from 

carotenes, OFSP contain significant quantities of vitamin C, iron, zinc, anthocyanins and 

antinutrient like phytates. Previous study indicated micronutrient bioavailability is 

impacted by antinutrients. Interaction between micronutrients and their effect on nutrient 

bioavalability has been reported by Bechoff and Dhuique-Mayer (2017). Yuem et al. 

(2000) reported that the presence of α-tocopherol improved carotene bioconversion. 

Understanding the effect of various micronutrients and their interactions on carotene 

bioavailability and bioconversion is essential to determining processing methods that will 

guarantee maximum carotene bioavailability and bioconversion.  

 

The study has evaluated the effect of processing on bioaccessibility of β-carotene. 

Vitamin A deficiency is still a major micronutrient deficiency problem in sub-Saharan Africa. 

The information generated by this research work will contribute in fight against VAD as it helps 

in understanding processing methods with optimal β-carotene bioaccessibility. The information 

will also help plant breeders to continue breeding for OFSP through biofortification. While 
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countries like Malawi are making strides in tackling VAD, good policy guidance on promotion 

of OFSP is needed. 
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